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QUANTITATIVE NEAR-INFRARED SPECTROSCOPY 
IN HUMAN SKELETAL MUSCLE 
 
METHODOLOGICAL ISSUES AND CLINICAL APPLICATION 
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BACKGROUND 
/LJKWLVDIRUPRIHOHFWURPDJQHWLFZDYHVWKDWWUDQVSRUWHQHUJ\WKURXJKDPHGLXP7KHUH
DUHPDQ\DSSOLFDWLRQVRIHOHFWURPDJQHWLFZDYHVWKDWKDYHEHFRPHHVWDEOLVKHGLQQRUPDO
GDLO\ OLIH YDU\LQJ IURP UDGLR DQG79 WRPLFURZDYH DQG VRODULXP ,Q WKHPHGLFDO ILHOG
HOHFWURPDJQHWLFZDYHV DUH DOVR IUHTXHQWO\ XVHG IRU LQVWDQFHZLWK;UD\V DQGPDJQHWLF
UHVRQDQFHLPDJLQJ05,7KHYDULRXVWHFKQLTXHVDUHGHWHUPLQHGE\WKHIUHTXHQF\RIWKH
ZDYHDQGE\WKHDFFRPSDQ\LQJZDYHOHQJWK)LJ
7KHSDUWRI WKH HOHFWURPDJQHWLF VSHFWUXPEHWZHHQ  QDQRPHWHUZH FDOO OLJKW
7KH OLJKW VSHFWUXPFRQWDLQV EHVLGHV WKHYLVLEOH OLJKW DOVR LQIUDUHG DQGXOWUDYLROHW OLJKW
:KHUHDV XOWUDYLROHW DQG YLVLEOH OLJKW DUH DOPRVW FRPSOHWHO\ DEVRUEHG LQ WKH VNLQ QHDU
LQIUDUHG OLJKW SHQHWUDWHV PXFK GHHSHU LQWR WKH WLVVXH 3URSDJDWLRQ RI OLJKW WKURXJK
ELRORJLFDO WLVVXH GHSHQGV RQ UHIOHFWLRQ VFDWWHULQJ DQG DEVRUSWLRQ >-|EVLV @:KLOH
UHIOHFWLRQLVPDLQO\GHWHUPLQHGE\WKHDQJOHRIWKHOLJKWEHDPLQUHODWLRQWRWKHVXUIDFHRI
WKH WLVVXH VFDWWHULQJDQGDEVRUSWLRQRI WKH OLJKWZLWKLQ WKH WLVVXHDUHGHSHQGHQWRQ WKH
ZDYHOHQJWK:KLOHVFDWWHULQJRIWKHSKRWRQVVLPSO\GHFUHDVHVZLWKLQFUHDVLQJZDYHOHQJWK
WKHDEVRUSWLRQSDWWHUQLVPRUHFRPSOLFDWHG$ERYHQPOLJKWLVFRPSOHWHO\DEVRUEHG
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Fig. 1 The electromagnetic spectrum. Both frequency and wavelength are presented 
together with the most common applications. 
AM Radio Band
Short Wave
TV and FM Radio Band
Infrared
Millimeter Waves, Telemetry
Microwaves, Radar
Gamma Rays
X-Rays
Ultraviolet
Visible
Light
AM Radio Band: radio, maritime com-  
munication, and aircraft navigation.
Short Wave: amateur radio, inter-  
national broadcast, fixed and mobile
communications, government radio; in-
cluding police, fire, forestry, highway,
and railroad services.
TV and FM Radio Band: television,  
radio, fixed and mobile communi-
cations, amateur broadcast, govern-
ment and non-government signals,
satelite communication and Global
Positioning System (GPS).
Microwaves, Radar: microwave ovens,  
radio navigation.
Millimeter Waves, Telemetry: variety of  
experimental, government and
amateur purposes in  communication.
Infrared: near-infrared spectroscopy,  
pulse oximetry, Green-house effect,
radiation from hot objects, infrared ear
thermometers, photography.
Visible Light: these are the only  
electromagnetic waves we can see.
Each color has a different wavelength.
Red the longest, violet the shortest. All
waves together make white light.
Ultraviolet: sunburn, UV-therapy, in-  
volved in the production of vitamin D,
astronomy.
X-Rays: medical images, airport  
security, astronomy.
Gamma-rays: cancer radiation therapy,  
astronomy.
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E\ZDWHULQWKHPRVWVXSHUILFLDOOD\HUVRIWKHVNLQ,QWKHYLVLEOHUDQJHRIWKHOLJKWEHORZ
QP OLJKW LVFRPSOHWHO\DEVRUEHGE\KDHPRJORELQDQGP\RJORELQEHLQJWKHR[\JHQ
WUDQVSRUWHUV RI WKH EORRG DQGZLWKLQ WKHPXVFOH FHOO UHVSHFWLYHO\ ,Q WKH QHDULQIUDUHG
UHJLRQ EHWZHHQ  QP WKH OLJKW DEVRUSWLRQ RI KDHPRJORELQ DQG P\RJORELQ LV
PXFKOHVVDQGDVLJQLILFDQWDPRXQWRIQHDULQIUDUHGOLJKWFDQWKHUHIRUHHIIHFWLYHO\WUDYHO
WKURXJKWKHWLVVXH7KLVFKDUDFWHULVWLFRIUHODWLYHWUDQVSDUHQF\RIWKHWLVVXHIRUOLJKWLQWKH
QHDULQIUDUHG UHJLRQ LV XVHGE\QHDULQIUDUHG VSHFWURVFRS\ 1,56%\FKRRVLQJGLVWLQFW
ZDYHOHQJWKVRIQHDULQIUDUHGOLJKWDQGNQRZOHGJHRIWKHFKURPRSKRUHVWKDWDEVRUEWKDW
VSHFLILFOLJKWLWEHFRPHVSRVVLEOHWRIROORZFRQFHQWUDWLRQFKDQJHVRIWKDWFKURPRSKRUH
7KH QHDULQIUDUHG VSHFWURSKRWRPHWHU DV XVHG LQ WKLV WKHVLV JHQHUDWHV OLJKW DW WKUHH
ZDYHOHQJWKVZKLFKLVWUDQVSRUWHGWRWKHWLVVXHE\PHDQVRIDQRSWLFDOILEUHEXQGOHFDOOHG
RSWRGH$VHFRQGRSWRGHWUDQVSRUWVWKHOLJKWWRWKHGHWHFWRUDQGLVSODFHGSDUDOOHOWRWKH
OLJKWVRXUFHGLUHFWO\RQWKHVNLQRYHUWKHPXVFOHRURWKHUWLVVXHRILQWHUHVW)LJ7KH
OLJKW SHQHWUDWHV LQWR VNLQ VXEFXWDQHRXV IDW OD\HU DQGPXVFOH DQG LV HLWKHU VFDWWHUHG RU
DEVRUEHGZLWKLQWKHWLVVXH7KHOLJKWVFDWWHULQJRULJLQDWLQJIURPWKHVRXUFHRFFXUVLQDQ\
GLUHFWLRQ EXW WKH OLJKW GHWHFWHG E\ WKH VHFRQG RSWRGH LV WKRXJKW WR GHVFULEH D EDQDQD
VKDSH>&XLHWDO@
$V PHQWLRQHG DERYH WKH FKURPRSKRUHV DEVRUELQJ WKH OLJKW RI WKHVH VSHFLILF
ZDYHOHQJWKVDUHPDLQO\KDHPRJORELQDQGP\RJORELQ%\XVLQJPRUHWKDQRQHZDYHOHQJWK
LWEHFRPHVSRVVLEOH WRGLIIHUHQWLDWHEHWZHHQWKHR[\JHQDWHGDQGWKHGHR[\JHQDWHGIRUP
RI KDHPRJORELQP\RJORELQ DQG WKLV DJDLQ HQDEOHV WR REWDLQ LQIRUPDWLRQ DERXW WLVVXH
R[\JHQDWLRQ 7KH PHDVXUHPHQW RI FKDQJHV LQ WLVVXH R[\JHQDWLRQ WKDW FDQ QRZ EH
IROORZHGQRQLQYDVLYHO\ DQG GLUHFWO\ LQ WKHPXVFOHPDNHV QHDULQIUDUHG VSHFWURVFRS\ DQ












Fig. 2 Schematic presentation of the set-up with the spectrophotometer emitting light of 3 
wavelengths (770, 848, and 901 nm) The light is transported into the tissue by an optical 
fibre (optode). The light that is detected by the receiver is thought to describe a banana-
shape travelling through the tissue [Cui et al. 1991]. Typically, the interoptode distance 
used in this thesis was 35 and 50 mm. 
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LQWHUHVWLQJ WRRO IRU FOLQLFDO SXUSRVHV )RU LQVWDQFH GXULQJ VXUJHU\ WR FKHFN WKH EORRG
 R[\JHQVXSSO\DW WKH LQWHQVLYHFDUH WRPRQLWRUEUDLQR[\JHQDWLRQRUDVDGLDJQRVWLF
WRROLQGLVRUGHUVWKDWDIIHFWHQHUJ\SURGXFWLRQ
,PSDLUHG HQHUJ\ SURGXFWLRQ FDQ EH IRXQG LQ VRPH PHWDEROLF P\RSDWKLHV DQG LQ
PLWRFKRQGULDOP\RSDWKLHV $ VFUHHQLQJVWHVW LQ WKLV SHUVSHFWLYH LV WKH LVFKHPLF IRUHDUP
WHVW ZKHUH SDWLHQWV KDYH WR SHUIRUP KLJK LQWHQVLW\ ZRUN XQGHU LVFKHPLF FRQGLWLRQV
>6LQNHOHUHWDO:HYHUVHWDO@%\WDNLQJIUHTXHQWEORRGVDPSOHVGXULQJH[HUFLVH
DQG UHFRYHU\ ODFWDWH DQG DPPRQLD FRQFHQWUDWLRQV DUHPHDVXUHG:LWK WKLV WHVW VHYHUDO
PHWDEROLF P\RSDWKLHV FDQ EH GLVWLQJXLVKHG EHFDXVH SDWLHQWV ZLWK LQKHULWHG GHIHFWV LQ
JO\FRJHQRO\VLVDUHXQDEOHWRSURGXFHODFWDWHZKLOHSDWLHQWVZLWKP\RDGHQ\ODWHGHILFLHQF\
DUHXQDEOHWRSURGXFHDPPRQLD)LJ+RZHYHUPLWRFKRQGULDOP\RSDWKLHVFDQQRWEH
GLVWLQJXLVKHGIURPWKHFRQWUROVZLWKWKLVWHVW
0LWRFKRQGULDO P\RSDWKLHV VKDUH WKH FOLQLFDO FKDUDFWHULVWLFV RI H[HUFLVH LQWROHUDQFH
XQGXHIDWLJXHDQGODFWLFDFLGRVLVGXULQJORZWRPRGHUDWHLQWHQVLW\ZRUN7KHGLDJQRVWLF
FRQILUPDWLRQ FDQ EH KDUG GXH WR DVSHFLILF FOLQLFDO V\PSWRPV DQG LV RIWHQ EDVHG RQ D
PXVFOHELRSV\DQXQSOHDVDQWLQYDVLYHDQGH[SHQVLYHSURFHGXUH$VLPSOHIXQFWLRQDOWHVW
WKDWFDQGLVFULPLQDWHEHWZHHQSUHVXPDEOHPLWRFKRQGULDOSDWLHQWVDQGQRQPLWRFKRQGULDO
SDWLHQWVZRXOG WKHUHIRUH EH RI XWPRVW LPSRUWDQFH WR GHFUHDVH WKH QXPEHU RIPXVFOH
ELRSV\VDPSOHVDQGWRLQFUHDVHWKHQXPEHURIGHILQLWHGLDJQRVHV
7KLVDQGWKHIDFWWKDWPLWRFKRQGULDOP\RSDWKLHVKDYHDPDMRULPSDFWRQWKHERG\KDV
EHHQ WKH VFRSH IURP ZKLFK WKLV WKHVLV RULJLQDWHV %\ DSSO\LQJ1,56 WRPLWRFKRQGULDO
P\RSDWKLHV LW PLJKW EH SRVVLEOH WR GHYHORS D IXQFWLRQDO WHVW WKDW LQ DGGLWLRQ FDQ
GLVWLQJXLVKSDWLHQWVVXVSHFWHGWRKDYHDPLWRFKRQGULDOP\RSDWK\IURPKHDOWK\FRQWUROV
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Fig. 3 Changes in lactate and ammonia during the ischemic forearm test. Patients with 
myoadenylate deficiency (MAD) lacked ammonia production while patients with 
myophosphorylase deficiency (McArdle's disease) lacked lactate production. 
mitochondrial myopathies could not be discriminated from the controls. 
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7KHDSSOLFDWLRQRI1,56LQPHWDEROLFDQGPLWRFKRQGULDOP\RSDWKLHVZDVSLRQHHUHGE\
%DQN	&KDQFH LQ>%DQNHWDO@ZKRIRXQGDQDEQRUPDOR[\JHQDWLRQGXULQJ
WUHDGPLOO H[HUFLVH LQ  SDWLHQWV ZLWK YDULRXV PHWDEROLF P\RSDWKLHV DQG  SDWLHQW ZLWK
PLWRFKRQGULDO P\RSDWK\ 7KLV ZDV IROORZHG E\ WZR RWKHU VWXGLHV XVLQJ 1,56 LQ
PLWRFKRQGULDOP\RSDWKLHV >$EH HW DO *HOOHULFK HW DO @ $OWKRXJK DOO VWXGLHV
VKRZHGDEQRUPDOLWLHV LQR[\JHQDWLRQSDWWHUQ WKHVHDEQRUPDOLWLHVZHUHQRWXQLIRUPDQG
SUHVHQWLQDOOLQGLYLGXDOSDWLHQWV7KHUHIRUHZHKDYHFKRVHQIRUDTXDQWLWDWLYHLQVWHDGRI
TXDOLWDWLYH1,56DSSURDFKDQGPHDVXUHGR[\JHQFRQVXPSWLRQDQGEORRGIORZLQSDWLHQWV
ZLWKPLWRFKRQGULDOP\RSDWKLHV+RZHYHU QHDULQIUDUHG VSHFWURVFRS\ LV VWLOO D UHODWLYHO\
\RXQJ WHFKQLTXH HVSHFLDOO\ ZKHQ LW FRQFHUQV TXDQWLWDWLYH PHDVXUHPHQWV %HFDXVH WKH
PHWKRGRORJLFDOFRQVWUDLQWVRIWKHPHWKRGKDYHQRW\HWEHHQIXOO\H[SORLWHGZHKDYHLQ
SDUDOOHO WR WKH FOLQLFDO DSSOLFDWLRQ RI 1,56 LQ QHXURPXVFXODU GLVRUGHUV VWXGLHG VRPH
LPSRUWDQWPHWKRGRORJLFDODVSHFWVRILQYLYRQHDULQIUDUHGVSHFWURVFRS\LQKXPDQVNHOHWDO
PXVFOH

NEAR-INFRARED SPECTROSCOPY 
1,56 LV DVPHQWLRQHG DERYH DQ RSWLFDOPHWKRG WKDW FDQEH XVHG IRU WKH QRQLQYDVLYH
PHDVXUHPHQWRIWLVVXHR[\JHQDWLRQDQGKDHPRG\QDPLFV,WLVEDVHGRQWKHUHODWLYHWLVVXH
WUDQVSDUHQF\ IRU OLJKW LQ WKH QHDULQIUDUHG UHJLRQ DQG RQ WKH R[\JHQGHSHQGHQW
DEVRUSWLRQFKDQJHVRIKDHPRJORELQDQGP\RJORELQ+DHPRJORELQP\RJORELQDQG WRD
OHVVHUH[WHQWF\WRFKURPHR[LGDVHDUHWKHPRVW LPSRUWDQWFKURPRSKRUHVDEVRUELQJQHDU
LQIUDUHG OLJKW LQPXVFOH WLVVXH+DHPRJORELQ LV WKHPDLQFRPSRQHQWRI WKHHU\WKURF\WHV
DQG WKH R[\JHQ FDUULHU RI WKH EORRG0\RJORELQ LV SUHVHQW ZLWKLQ WKHPXVFOH FHOO DQG
IDFLOLWDWHVLQWUDFHOOXODUR[\JHQWUDQVSRUW’XHWRLGHQWLFDOVSHFWUDOFKDUDFWHULVWLFVLWLVQRW
SRVVLEOH ZLWK 1,56 WR GLVWLQJXLVK EHWZHHQ KDHPRJORELQ DQG P\RJORELQ &\WRFKURPH
R[LGDVH LV WKH WHUPLQDO HQ]\PH RI WKH PLWRFKRQGULDO UHVSLUDWRU\ FKDLQ UHDFWLRQ
WUDQVIHUULQJ WKH HOHFWURQV WR PROHFXODU R[\JHQ %HFDXVH WKH DPRXQW RI F\WRFKURPH
R[LGDVH LQ PXVFOH LV UHODWLYHO\ ORZ DV FRPSDUHG ZLWK KDHPRJORELQ DQG P\RJORELQ
FKDQJHV LQ F\WRFKURPH R[LGDVH DUH ORVW ZLWKLQ WKH QRLVH RI WKH VLJQDO 7KHUHIRUH ZH
QHJOHFWHG WKH FRQWULEXWLRQ RI F\WRFKURPH R[LGDVH LQ WKH LQ YLYR PXVFOH VWXGLHV RI WKLV
WKHVLV
%RWKKDHPRJORELQ DQGP\RJORELQ FDQEHGLYLGHG LQWR WZRPDMRU IRUPVR[\KDHPR
JORELQP\RJORELQ 2+E20E DQG GHR[\KDHPRJORELQP\RJORELQ ++E+0E
%HFDXVH R[\ DQG GHR[\ IRUPV KDYH GLIIHUHQW DEVRUSWLRQ VSHFWUD )LJ  LW EHFRPHV
SRVVLEOH WR REWDLQ ORFDO LQIRUPDWLRQ DERXW WLVVXH R[\JHQDWLRQ E\ FKRRVLQJ WKH ULJKW
ZDYHOHQJWKVIRUDSSOLFDWLRQRIWKH/DPEHUW%HHUODZ7KLVODZHQDEOHVFDOFXODWLRQRIWKH
RSWLFDOGHQVLW\LQDKRPRJHQHRXVQRQVFDWWHULQJPHGLXP%HFDXVHELRORJLFDOWLVVXHLVQRW


INTRODUCTION 
17 













Fig. 4 Extinction coefficients of adult oxyhaemoglobin (O2Hb) and deoxyhaemoglobin 
(HHb) as determined by Wray et al. [Wray et al. 1988]. Dotted lines represent the 3 
wavelengths used (770, 848, and 901 nm). 

KRPRJHQHRXV DQG FRQVLGHUHG DV D VFDWWHULQJ PHGLXP D GLPHQVLRQOHVV SDWKOHQJWK
FRUUHFWLRQ IDFWRU DOVR NQRZQ DV GLIIHUHQWLDO SDWKOHQJWK IDFWRU ’3) PXVW EH
LQFRUSRUDWHG7KHPRGLILHG/DPEHUW%HHUODZ>’HOS\HWDO@LVWKHQJLYHQE\

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HW DO @ :LWK WKLV DOJRULWKP LW EHFRPHV SRVVLEOH WR FRQYHUW FKDQJHV LQ RSWLFDO
DEVRUEDQFHWRFKDQJHVLQFRQFHQWUDWLRQRIWKHFKURPRSKRUHVVWXGLHG
,Q WKLV WKHVLVZHXVHGDFRQWLQXRXVZDYHQHDULQIUDUHGVSHFWURSKRWRPHWHU 2[\PRQ
%LRPHGLFDO(QJLQHHULQJ’HSDUWPHQW8QLYHUVLW\RI1LMPHJHQ1/WKDWJHQHUDWHVOLJKWDW
DQGQP>9DQGHU6OXLMVHWDO@)LJ1HDULQIUDUHGOLJKWLVWUDQVPLWWHG
IURP WKH VRXUFH WR WKH WLVVXH DQG EDFN WR WKH GHWHFWRU E\ IOH[LEOH ILEUH RSWLF EXQGOHV
FDOOHG RSWRGHV 7KH DEVRUSWLRQ FKDQJHV DW WKH GLVFUHWH ZDYHOHQJWKV DUH FRQYHUWHG LQWR
FRQFHQWUDWLRQFKDQJHVRI2+EDQG++EZLWKWKHVSHFWUDOH[WLQFWLRQFRHIILFLHQWV>:UD\
HWDO@)LJRIWKHFKURPRSKRUHVLQFRUSRUDWHGLQWRDWKUHHZDYHOHQJWKDOJRULWKP
>/LYHUDHWDO0DWFKHUHWDO@7KHPDWUL[QRWDWLRQRIWKLVDOJRULWKPLVGHVFULEHG
DV
∆2+E  ⋅∆2’⋅∆2’⋅∆2’
∆++E  ⋅∆2’⋅∆2’⋅∆2’
∆&\W   ⋅∆2’⋅∆2’⋅∆2’

7KLVZD\DEVROXWHFRQFHQWUDWLRQFKDQJHVRI2+EDQG++EFDQEHPRQLWRUHGLQWKH
WLVVXH $V IRU UHDVRQV H[SODLQHG DERYH ZH QHJOHFWHG WKH FRQWULEXWLRQ RI F\WRFKURPH
R[LGDVH LQ RXUPXVFOH VWXGLHV$SDUW IURP2+E DQG++E D WKLUG YDULDEOH LV GHULYHG
IURP WKH VXPRI2+EDQG++EDQG UHIOHFWV WKH WRWDO DPRXQWRIKDHPRJORELQ LQ WKH
WLVVXHW+E&KDQJHVLQW+EUHIOHFWWKHUHIRUHFKDQJHVLQEORRGYROXPHZLWKLQWKH1,56
YROXPH RI LQWHUHVW $QRWKHU FDOFXODWHG YDULDEOH FDOOHG +EGLII LV GHULYHG IURP WKH
GLIIHUHQFHEHWZHHQ2+EDQG++E+EGLII 2+E++EDQGLVXVHGWRREWDLQDEHWWHU
VLJQDOWRQRLVH UDWLR ,Q VRPH VWXGLHV+EGLII LV FRQIXVLQJO\FDOOHG WKHR[\JHQDWLRQ LQGH[
2,DVWKLVYDULDEOHLVQRWDQLQGH[EXWDVXEWUDFWLRQ
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Fig. 5 Near-infrared spectrophotometer (Oxymon, Biomedical Engineering Department, 
University of Nijmegen, NL) as has been used in this study for the measurement of tissue 
oxygenation and haemodynamics in human skeletal muscle. 
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7R FRUUHFW IRU VFDWWHULQJ RI SKRWRQV LQ WKH WLVVXH D GLIIHUHQWLDO SDWKOHQJWK IDFWRU
’3)RIZDVXVHGIRUWKHFDOFXODWLRQRIDEVROXWHFRQFHQWUDWLRQFKDQJHV>’XQFDQHW
DO  )HUUDUL HW DO @ &RQFHQWUDWLRQ FKDQJHV RI 2+E ++E DQG W+E FDQ EH
PHDVXUHGZLWKDVDPSOHIUHTXHQF\RIXSWR+]ZKLOHVDPSOHGGDWDDUHGLVSOD\HGUHDO
WLPHDQGVWRUHGRQGLVNIRURIIOLQHDQDO\VLV

Quantitative NIRS measurements 
)LJVKRZVWKHH[SHULPHQWDOVHWXSDQGWKH1,56VLJQDOVWKDWDUHSUHVHQWHGUHDOWLPHRQ
VFUHHQGXULQJWKHPHDVXUHPHQW8VLQJDVLPSOHSK\VLRORJLFDO LQWHUYHQWLRQRFFOXVLRQ LQ
RUGHU WR FRQWURO WKH FLUFXODWLRQ WR D FHUWDLQ DPRXQW LW LV SRVVLEOH WR FDOFXODWH YDULRXV
TXDQWLWDWLYHYDULDEOHVLQDUPRUOHJERWKDWUHVWDVZHOODVGXULQJH[HUFLVHIRULQVWDQFHE\
XVLQJDQDUPHUJRPHWHU

9HQRXVRFFOXVLRQPHWKRG
9HQRXV RFFOXVLRQ FDQ EH DSSOLHG E\ LQIODWLQJ D FXII WR D SUHVVXUH RI DSSUR[LPDWHO\ 
PP+J6XFKDQRFFOXVLRQEORFNVYHQRXVRXWIORZEXWGRHVQRWLPSHGHDUWHULDOLQIORZ$V
DUHVXOWYHQRXVEORRGYROXPHDVZHOODVYHQRXVSUHVVXUHLQFUHDVHV7KHLQFUHDVHLQEORRG
YROXPH LVPRQLWRUHGE\1,56DVDQ LQFUHDVH LQ2+E++EDQGW+EVLJQDOV )LJ$
 V:KHQRFFOXVLRQ LVPDLQWDLQHG ORQJHQRXJKYHQRXVSUHVVXUHZLOO HYHQWXDOO\

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Fig. 6 A) Real-time NIRS tracings of oxyhaemoglobin (O2Hb), deoxyhaemoglobin (HHb), 
and total haemoglobin (tHb) in response to 20 s of venous occlusion (VO) and 45 s of 
arterial occlusion (AO). Note that recovery after VO is very rapid while recovery from AO 
takes more than two minutes. B) Experimental set-up as used in the majority of our 
studies with the NIRS optodes placed on the forearm and a pneumatic cuff around the 
upper arm to apply occlusion. NIRS data were sampled at 10 or 20 Hz, displayed real-
time on screen and stored on disk for off-line analysis. 
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HTXDO WKHSUHVVXUH LQWKHFXIIDUWHULDO LQIORZDQGYHQRXVRXWIORZZLOOEHFRPHWKHVDPH
DQGEORRGYROXPHZLOOVWDELOLVH$IWHUUHOHDVHRIWKHYHQRXVRFFOXVLRQDOOVLJQDOVUDSLGO\
UHWXUQ WR SUHH[HUFLVH OHYHOV %\ XVLQJ WKH YHQRXV RFFOXVLRQ PHWKRG LW LV SRVVLEOH WR
FDOFXODWHEORRGIORZ2FRQVXPSWLRQDQGYHQRXVVDWXUDWLRQ

$UWHULDORFFOXVLRQPHWKRG
$UWHULDORFFOXVLRQLVDSSOLHGE\LQIODWLQJWKHFXIIWRDSUHVVXUHRIDWOHDVWWRPP+J
DERYH V\VWROLF SUHVVXUH7KLVZD\ ERWK YHQRXV RXWIORZ DQG DUWHULDO LQIORZ DUH EORFNHG
DQG V\VWHPLF FLUFXODWRU\ FKDQJHV DUH VXIILFLHQWO\ HOLPLQDWHG LQ WKH OLPE /DFNLQJ WKH
VXSSO\RIZHOOR[\JHQDWHGEORRGPXVFOHPHWDEROLVPIXOO\GHSHQGVRQWKHDYDLODEOH2LQ
ORFDO FDSLOODULHV DQGPXVFOH FHOOV ’HSOHWLRQ RI ORFDO DYDLODEOH 2 VWRUHV GXULQJ DUWHULDO
RFFOXVLRQLVPRQLWRUHGE\1,56DVDGHFUHDVHLQ2+EDQGDFRQFXUUHQWLQFUHDVHLQ++E
ZKLOHW+EUHPDLQVFRQVWDQW)LJ$V$K\SHUDHPLFUHVSRQVHFDQEHREVHUYHG
DIWHUUHOHDVHRIWKHDUWHULDORFFOXVLRQ%ORRGYROXPHLQFUHDVHVUDSLGO\UHVXOWLQJLQDIUHVK
SRRO RI 2+E DQG D TXLFN ZDVKRXW RI ++E 8VLQJ WKH DUWHULDO RFFOXVLRQ PHWKRG
LQFOXGLQJ WKH UHFRYHU\ SKDVH LW LV SRVVLEOH WR FDOFXODWH2 FRQVXPSWLRQ UHR[\JHQDWLRQ
UDWHDQGWKHKDOIUHFRYHU\WLPHVRIWKHVLJQDOV

2[\JHQFRQVXPSWLRQ
0HDVXUHPHQWRIPXVFOH2FRQVXPSWLRQLVRIJUHDWLPSRUWDQFHLQWKHLQYHVWLJDWLRQRILQ
YLYRPXVFOHPHWDEROLVPLQKHDOWKDQGGLVHDVH:KHUHDVWKHPRUHFRQYHQWLRQDOWHFKQLTXHV
OLNH VWUDLQJDXJH SOHWK\VPRJUDSK\ FRPELQHG ZLWK EORRG JDV DQDO\VLV DUH LQYDVLYH DQG
SURYLGH UHJLRQDO YDOXHV RI WKH WRWDO OLPE WKHUHIRUH LQFOXGLQJ RWKHU WKDQPXVFOH WLVVXH
1,56LVQRQLQYDVLYHDQGPHDVXUHVORFDOR[\JHQDWLRQGLUHFWO\LQWKHPXVFOH
$VGHVFULEHGDERYH1,562FRQVXPSWLRQ 29P  FDQEHFDOFXODWHGERWKE\PHDQV
RIYHQRXVDQGDUWHULDORFFOXVLRQ8VLQJYHQRXVRFFOXVLRQ

29P   LVFDOFXODWHGIURPWKH
UDWHRILQFUHDVHLQ++E>’H%ODVLHWDO@)LJ$VLQFHYHQRXVRXWIORZLVEORFNHG
DQGWKHLQFUHDVHLQ++ELVWKRXJKWWREHVROHO\GXHWRWKH2FRQVXPHG&DOFXODWLRQRI

29P  IURPDUWHULDORFFOXVLRQDVVXPHVWKDWW+EUHPDLQVFRQVWDQW>’H%ODVLHWDO@
DQGFDQWKHQEHGHULYHGIURPWKHUDWHRIGHFUHDVHLQ2+E)LJ%RUIURPWKHUDWHRI
GHFUHDVH LQ +EGLII GLYLGHG E\  2EVWUXFWLRQ RI LQIORZ DQG RXWIORZ UHVXOWV LQ D VWDWLF
FRPSDUWPHQW RI EORRG ZKHUH WKH GHFUHDVH RI 2 IURP 2+E LV GLUHFWO\ UHODWHG WR
FRQVXPSWLRQ
&RQFHQWUDWLRQ FKDQJHV RI ++E 2+E DQG +EGLII DUH H[SUHVVHG LQ 0ˆV DQG
FRQYHUWHGWRPLOOLOLWUHV2SHUPLQXWHSHUJUDPWLVVXHPO2⋅PLQ⋅JWDNLQJLQWR
DFFRXQWWKDWHDFK+EPROHFXOHELQGVIRXU2PROHFXOHVDQGWKDWWKHPRODUYROXPHRIJDV
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LV/DVVXPLQJ673’FRQGLWLRQV$YDOXHRINJ⋅/ZDVXVHGIRUPXVFOHGHQVLW\
>9LHURUGW@7KLVUHVXOWVLQWKHIROORZLQJHTXDWLRQ

( ) ( )( )( ) +E2$EV29P

××××= LQPO2⋅PLQ⋅J 

1RWHWKDW∆2+EFDQEHUHSODFHGE\∆++ERUE\∆+EGLII

%ORRGIORZ
1,56EORRGIORZPHDVXUHPHQWVDUHVLPLODUWRWKHZHOOHVWDEOLVKHGPHWKRGRIVWUDLQJDXJH
SOHWK\VPRJUDSK\9HQRXVRFFOXVLRQ LV XVHG WRSURYRNH DEORRGYROXPH LQFUHDVH LQ WKH
SDUWRIWKHOLPEGLVWDOIURPWKHSQHXPDWLFFXII:LWKLQWKHLQLWLDOSHULRGRIWKHRFFOXVLRQ
WKH LQFUHDVH LQ EORRG YROXPH SHU WLPH LV D PHDVXUH IRU WKH EORRG IORZ 6WUDLQJDXJH
SOHWK\VPRJUDSK\PHDVXUHVEORRGYROXPHFKDQJHVE\FKDQJHVLQOLPEFLUFXPIHUHQFHDQG
FDQQRWGLVWLQJXLVKEHWZHHQWKHYDULRXVWLVVXHVRIWKHOLPE1,56PHDVXUHVEORRGYROXPH
FKDQJHV GLUHFWO\ LQ WKH PXVFOH RI LQWHUHVW E\ PRQLWRULQJ FKDQJHV LQ WKH
KDHPRJORELQP\RJORELQFRQWHQW
%ORRGIORZ%)LQDUPRUOHJFDQEHPHDVXUHGGXULQJYHQRXVRFFOXVLRQE\HYDOXDWLQJ
WKHOLQHDULQFUHDVHLQW+EZLWKLQWKHILUVWVHFRQGVRIWKHYHQRXVRFFOXVLRQ>’H%ODVLHWDO
9DQ%HHNYHOWHWDO@)LJ$9HQRXVRXWIORZLVEORFNHGDQGWKHLQFUHDVHLQ


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

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


Fig. 7 Quantitative NIRS measurements during A) venous occlusion and B) arterial 
occlusion. During venous occlusion, blood flow (BF), muscle oxygen consumption 
( 2OVm  ), and venous saturation (SvO2) can be calculated. Using arterial occlusion and its 
recovery phase, it is possible to calculate 2OVm  , reoxygenation rate (∆O2Hb), and half-
recovery times (t50) of the signals. 

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W+E   R[\ SOXV GHR[\KDHPRJORELQP\RJORELQ LV GLUHFWO\ UHODWHG WR DUWHULDO LQIORZ
&RQFHQWUDWLRQFKDQJHVRIW+EDUHH[SUHVVHGLQ0ˆVDQGFRQYHUWHGWRPLOOLOLWUHVEORRG
SHU PLQXWH SHU  PLOOLOLWUHV WLVVXH PO⋅PLQ⋅PO XVLQJ HLWKHU WKH LQGLYLGXDO +E
FRQFHQWUDWLRQ>+E@LQPPRO⋅/REWDLQHGIURPEORRGVDPSOHVRUPDOHDQGIHPDOHYDOXHV
GHULYHGIURPOLWHUDWXUH7KHPROHFXODUZHLJKWRI+EJ⋅PRODQGWKHPROHFXODU
UDWLREHWZHHQ+EDQG2KDYHWREHWDNHQLQWRDFFRXQW%)FDQWKDQEHFDOFXODWHG
E\WKHIROORZLQJHTXDWLRQ

( ) [ ]( )( )( )( ) +EW+E%) ×××= LQPO⋅PLQ⋅PO

9HQRXVR[\JHQVDWXUDWLRQ
$QRWKHUYDULDEOHWKDWFDQEHGHULYHGIURPYHQRXVRFFOXVLRQLVSHULSKHUDOYHQRXVR[\JHQ
VDWXUDWLRQ 6Y2 DQG KDV EHHQ GHVFULEHG E\ <R[DOO 	:HLQGOLQJ ><R[DOO HW DO @
:LWK WKHPHDVXUHPHQWRI6Y2 GLUHFW LQIRUPDWLRQ DERXW2 H[WUDFWLRQ FDQEHGHULYHG
6Y2 FDQ EH RI VSHFLDO LQWHUHVW LQ WKH QHRQDWRORJ\ ZKHUH NQRZOHGJH RI FHUHEUDO
KDHPRG\QDPLFVDQGR[\JHQDWLRQDUHRISULPDU\LPSRUWDQFHIRUVXUYLYDORIWKHSUHPDWXUH
QHRQDWHVLQFHSHULSKHUDO6Y2 LV WKRXJKWWRSURYLGHDQ LQGH[RI WKHDGHTXDF\RIJOREDO
R[\JHQDWLRQ><R[DOOHWDO@
6Y2FDQEHFDOFXODWHGIURPWKHUDWLRRILQFUHDVHLQ∆2+EWRLQFUHDVHLQ∆W+EGXULQJ
YHQRXVRFFOXVLRQ)LJ$

++E+E2
+E2
6Y2


 +
= 

7KLV LV LQGHSHQGHQW RI WKH RSWLFDO SDWKOHQJWK VLQFH DEVROXWH TXDQWLILFDWLRQ RI WKH
FKURPRSKRUH FRQFHQWUDWLRQ FKDQJHV LV QRW UHTXLUHG $V GHVFULEHG E\ <R[DOO DQG
:HLQGOLQJ><R[DOOHWDO@6Y2 LVEHVWGHWHUPLQHGIURPWKHILUVWVRIWKHYHQRXV
RFFOXVLRQ ZKLOH DQ RFFOXVLRQ LV FRQVLGHUHG WR EH VDWLVIDFWRU\ IRU DQDO\VLV LI WKHUH LV D
VWHDG\EDVHOLQHEHIRUHWKHRFFOXVLRQDULVHLQERWK2+EDQG++EGXULQJWKHRFFOXVLRQ
DQGDUHWXUQWREDVHOLQHDIWHUUHOHDVHRIWKHRFFOXVLRQ

+DOIUHFRYHU\WLPH
7KH UHFRYHU\ RI 2+E DIWHU H[HUFLVH RU LVFKHPLD UHSUHVHQWV WKH WLPH QHHGHG IRU
UHVDWXUDWLRQRIGHR[\JHQDWHGKDHPRJORELQDQGP\RJORELQDQGLVWKRXJKWWRUHIOHFWERWK
WKH LQIOX[ RI R[\JHQDWHG DUWHULDO EORRG DQG WKH FRQWLQXHG 2 FRQVXPSWLRQ GXULQJ
UHFRYHU\>&KDQFHHWDO0F&XOO\HWDOD0F&XOO\HWDOE@
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7ZR GLIIHUHQW DSSURDFKHV DUH NQRZQ WR FDOFXODWH KDOIUHFRYHU\ WLPHV IURP 1,56
VLJQDOV7KHILUVWDSSURDFKZDVGHVFULEHGE\&KDQFHHWDO>&KDQFHHWDO@DVWKHWLPH
QHHGHGIRUKDOIUHFRYHU\RI2+EIURPPD[LPXPGHR[\JHQDWLRQDWWKHHQGRIRFFOXVLRQ
WR PD[LPXP UHR[\JHQDWLRQ GXULQJ K\SHUDHPLD W )LJ $ $QRWKHU PRUH HOHJDQW
PHWKRGWRFDOFXODWHKDOIUHFRYHU\WLPHVRU WLPHFRQVWDQWV 7F LVE\ILWWLQJWKHUHFRYHU\
VLJQDO WR D PRQRH[SRQHQWLDO FXUYH IURP ZKLFK D WLPH FRQVWDQW RU WDX YDOXH FDQ EH
GHULYHG>0F&XOO\HWDOE0F&XOO\HWDOD@)LJ%
7KHODWWHUPHWKRGLVLGHQWLFDOWRWKHGHWHUPLQDWLRQRISKRVSKRFUHDWLQH3&UUHFRYHU\
WKDW LV FRPPRQO\ XVHG LQ SKRVSKRUXV PDJQHWLF UHVRQDQFH VSHFWURVFRS\ 3056
&KDSWHU +RZHYHU DV FDQ EH VHHQ LQ )LJ  WKLVPHWKRG LV RQO\ SRVVLEOHZKHQ WKH
K\SHUDHPLF UHVSRQVH LV VPDOO RU DEVHQW EHFDXVH LQ FDVH RI D K\SHUDHPLF UHVSRQVH WKH
VLJQDOLVQRORQJHUPRQRH[SRQHQWLDO

5HR[\JHQDWLRQUDWH
$QRWKHUYDULDEOHWKDWFDQEHFDOFXODWHGLQUHODWLRQWRUHFRYHU\IURPDUWHULDORFFOXVLRQRU
H[HUFLVH LV WKH UDWH RI2+E UHR[\JHQDWLRQ:KHUHDV WKH KDOIUHFRYHU\ LV D IXQFWLRQRI
WLPH WKH UHR[\JHQDWLRQ UDWH UHIOHFWV WKH YHORFLW\ DW ZKLFK WKH UHFRYHU\ VWDUWV RII DIWHU
UHOHDVHRIH[HUFLVHRULVFKHPLD
7KH UHR[\JHQDWLRQ UDWH ∆2+E LQµ0⋅V ZDV FDOFXODWHG DV WKH UDWH RI LQFUHDVH LQ
2+EGXULQJ WKH LQLWLDO  V DIWHU FHVVDWLRQRI RFFOXVLRQ DQGRU H[HUFLVH )LJ %7KLV
YDULDEOHUHIOHFWVWKHLQLWLDOLQIORZRI2+ERYHUDIL[HGWLPHSHULRGDQGLVWKHUHIRUHQRW
LQIOXHQFHGE\ WKHSUHVHQFHRUDEVHQFHRIDK\SHUDHPLF UHVSRQVH:KHUHDV WKH UHFRYHU\


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






Fig. 8 Half-time recovery, calculated as A) the time needed for half recovery of O2Hb from 
maximum deoxygenation at the end of arterial occlusion or exercise to maximum re-
oxygenation during hyperaemia, and B) the tau value derived from a mono-exponential 
curve-fit of O2Hb recovery as is standard for calculation of PCr resynthesis with 31P-MRS. 

660
[O
2H
b] 
(µ M
)
Time (s)
540 560 580 600 620 640
-25
-20
-15
-10
-5
0
5
10
15
20
25
O2Hb
t50 (s)
AO
$
Time (s)
0 200 400 600
PC
r (
%
)
50
60
70
80
90
100
110
O
2H
b 
(µ M
⋅
m
in
-
1 )
-50
-40
-30
-20
-10
0
10
PCr 
O2Hb 
%
CHAPTER 1 
 24 
WLPH RU KDOIUHFRYHU\ WLPH LQFOXGHV DOO SURFHVVHV IRU WRWDO UHFRYHU\ RI YDVFXODU2+E
PXVFXODU 20E DV ZHOO DV WKH FRQWLQXHG R[\JHQ FRQVXPSWLRQ GXULQJ UHFRYHU\ WKH
UHR[\JHQDWLRQ UDWH LV WKRXJKW WR UHIOHFW WKH IDVW LQLWLDO UHFRYHU\ UDWH DW ZKLFK SULPDULO\
YDVFXODUFRPSRQHQWVDUHUHVWRUHG,WLVGLUHFWO\UHODWHGWRPLFURYDVFXODUIXQFWLRQDQGFDQ
WKHUHIRUH EH D IXQFWLRQDO QHZ YDULDEOH LQ WKH LQYHVWLJDWLRQ RI GLVRUGHUV FRQFHUQLQJ2
GHOLYHU\RULQWKHGLVFULPLQDWLRQEHWZHHQGLVRUGHUVRI2GHOLYHU\DQG2FRQVXPSWLRQ

NIRS measurements during exercise 
$QRWKHUPDMRUDGYDQWDJHRI1,56LV WKHIDFW WKDWR[\JHQDWLRQDQGKDHPRG\QDPLFVFDQ
DOVR HDVLO\ EHHQ PRQLWRUHG GXULQJ H[HUFLVH 7KLV LV RI JUHDW LPSRUWDQFH VLQFH ORFDO
PHDVXUHPHQWRI

29P  DQGEORRGIORZGXULQJH[HUFLVHKDVVRIDUEHHQLPSRVVLEOHXVLQJ
WKH PRUH FRQYHQWLRQDO WHFKQLTXHV OLNH VWUDLQJDXJH SOHWK\VPRJUDSK\ DQG EORRG JDV
DQDO\VLV 0RUHRYHU LW HQDEOHV WKH FRPSOHPHQWDU\ XVH RI 1,56 ZLWK3056 DQG WKH
PHDVXUHPHQW RI PXVFOH R[\JHQDWLRQ LQ H[HUFLVHUHODWHG SDWKRORJ\ OLNH HJ YDVFXODU
GLVHDVHRUPLWRFKRQGULDOLPSDLUPHQW3056KDVGHYHORSHGRYHUWKHODVWWKUHHGHFDGHV
DVD·JROGVWDQGDUGµIRUQRQLQYDVLYHPHDVXUHPHQWRIVNHOHWDOPXVFOHPHWDEROLVPGXULQJ
H[HUFLVH DQG UHFRYHU\PRQLWRULQJ WKHNLQHWLFVRI LQWUDPXVFXODU KLJKHQHUJ\SKRVSKDWHV
DQGS++RZHYHULWLVXQDEOHWRPRQLWRUKLJKHQHUJ\SKRVSKDWHVDQGS+VLPXOWDQHRXVO\
ZLWK WLVVXH R[\JHQDWLRQ DQG WKH GLUHFW PHDVXUHPHQW RI PXVFOH R[\JHQDWLRQ E\ 1,56
PLJKWWKHUHIRUHZHOOILOOWKLVJDS
%HVLGHV WKH TXDOLWDWLYHPRQLWRULQJ RI WLVVXH R[\JHQDWLRQ DQG KDHPRG\QDPLFV GXULQJ
DQGDIWHUH[HUFLVH1,56KDVDOVREHHQXVHGIRUWKHTXDQWLWDWLYHFDOFXODWLRQRI

29P  DQG
%)GXULQJYDULRXVH[HUFLVHSURWRFROV>&ROLHUHWDO’H%ODVLHWDO’H%ODVLHW
DO’H%ODVLHWDO’H%ODVLHWDO+DPDRNDHWDO6DNRHWDO
9DQ %HHNYHOW HW DO  9DQ %HHNYHOW HW DO E 9DQ %HHNYHOW HW DO D 9DQ
%HHNYHOW HW DO D9DQ%HHNYHOW HW DO E@4XDQWLWDWLYH1,56PHDVXUHPHQWV RI

29P  IURP2+EGXULQJH[HUFLVHFDQEHFDOFXODWHGXQGHULVFKHPLFFRQGLWLRQVHLWKHUE\
DSSOLFDWLRQRIDUWHULDORFFOXVLRQGXULQJRUDIWHU WKHH[HUFLVH WDVNRUGXULQJH[HUFLVHDWD
ZRUNORDGWKDWLVKLJKHQRXJKIRUDFRPSOHWHREVWUXFWLRQRIPXVFOHSHUIXVLRQ,QDOOFDVHV
W+E LVDVVXPHG WRVWD\FRQVWDQW:KHUHDVDW UHVW WKLVDVVXPSWLRQ LVPRVWO\PHWGXULQJ
H[HUFLVH W+E RIWHQ VKRZV ODUJH IOXFWXDWLRQV FDXVHG E\ UHGLVWULEXWLRQ RI EORRG GXH WR
FRPSUHVVLRQ RI WKH EORRG YHVVHOV E\ WKH FRQWUDFWLQJ PXVFOH 4XDQWLWDWLYH 1,56 %)
PHDVXUHPHQWVGXULQJH[HUFLVHFDQRQO\EHFDOFXODWHGXVLQJYHQRXVRFFOXVLRQ
%HFDXVHWKHUHLVDODUJHGLYHUVLW\LQWKHSURWRFROVGHVFULEHGLQWKHOLWHUDWXUHYDU\LQJLQ
H[HUFLVH LQWHQVLW\ W\SH RI H[HUFLVH VXVWDLQHG YV UK\WKPLF DQG WLPH RI

29P  
GHWHUPLQDWLRQPRVWVWXGLHVFDQQRWEHFRPSDUHGZLWKHDFKRWKHU

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6XVWDLQHGYVUK\WKPLFLVRPHWULFH[HUFLVH
%DVLFDOO\WZRW\SHVRIPXVFOHLVRPHWULFH[HUFLVHFDQEHGLVFULPLQDWHG6XVWDLQHGRUVWDWLF
LVRPHWULF H[HUFLVH ZKHUH PXVFOH FRQWUDFWLRQ LV H[HUWHG FRQWLQXRXVO\ DQG UK\WKPLF RU
G\QDPLFLVRPHWULFH[HUFLVHLQZKLFKVKRUWSHULRGVRIFRQWUDFWLRQDOWHUQDWHZLWKSHULRGVRI
UHOD[DWLRQ>/LQGHWDOD@7KHDGYDQWDJHRIVXVWDLQHGH[HUFLVHIRU1,56

29P  DQG
%) PHDVXUHPHQWV LV WKDW WKH RFFOXVLRQ FDQ EH WUXO\ DSSOLHG GXULQJ H[HUFLVH 7KLV LQ
FRQWUDVW WR UK\WKPLF H[HUFLVH ZKHUH WKH DOWHUQDWLQJ FRQWUDFWLRQ DQG UHOD[DWLRQ RI WKH
PXVFOHUHVXOWVLQFRUUHVSRQGLQJFKDQJHVLQWKH1,56VLJQDOV)LJ:KHQRFFOXVLRQLV
DSSOLHG GXULQJ H[HUFLVH WKH PRYHPHQW DUWHIDFWV LQWHUIHUH ZLWK WKH OLQHDU UHVSRQVH WR
RFFOXVLRQQHHGHGWRFDOFXODWH

29P  DQG%)2QWKHRWKHUKDQGLWLVNQRZQWKDWEORRG
IORZ ZLOO EH LPSDLUHG ZKHQ H[HUFLVH H[FHHGV  RI WKH PD[LPXP YROXQWDU\
FRQWUDFWLRQIRUFH09&>%DUFURIWHWDO.DKQHWDO/LQGHWDOE@GXHWR
FRPSUHVVLRQ RI WKH VPDOO EORRG YHVVHOV ZLWKLQ WKH PXVFOH 7KLV PHDQV WKDW VXVWDLQHG
H[HUFLVH DERYH 09& LV SHU GHILQLWLRQ LVFKHPLF DQG SUREDEO\ GRHV QRW OHDG WR DQ
LQFUHDVHGR[LGDWLYHPHWDEROLVP1,56PHDVXUHPHQWVRI

29P  DQG%)GXULQJVXVWDLQHG
H[HUFLVH DUH WKHUHIRUH OLPLWHG WR ORZLQWHQVLW\ ZRUN 8VLQJ UK\WKPLF H[HUFLVH ZLWK
LPPHGLDWHSRVWH[HUFLVHDSSOLFDWLRQRIRFFOXVLRQ

29P  FDQEHPHDVXUHGRYHUDEURDG
UDQJH RI H[HUFLVH LQWHQVLWLHVZKHQR[LGDWLYHPHWDEROLVPFDQ LQFUHDVH WR DKLJKHU H[WHQW
GXHWRWKHWHPSRUDU\REVWUXFWLRQRIWKHEORRGIORZ
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
Fig. 9 Individual NIRS O2Hb, HHb, and tHb signals during exercise, arterial occlusion, 
and recovery. Rhythmic isometric handgrip exercise was performed at 70% of the 
subject's maximum voluntary contraction force (MVC). Rhythmic changes, corresponding 
to muscle contraction and relaxation are clearly visible in the NIRS signals during 
exercise. 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
-80
-60
-40
-20
0
20
40
60
80
Co
n
ce
n
tra
tio
n
 
ch
a
n
ge
s 
( µM
)
Time (s)
HHb
O2Hb
tHb
exercise occlusion
CHAPTER 1 
 26 
,Q WKLV WKHVLV1,56PXVFOH2 FRQVXPSWLRQ LQ UHODWLRQ WRH[HUFLVHZDVPHDVXUHG LQ
VHYHUDOZD\V

29P  GXULQJVXVWDLQHGORZLQWHQVLW\H[HUFLVHZDVPHDVXUHGXVLQJYHQRXV
RFFOXVLRQ&KDSWHUDQGXVLQJDUWHULDORFFOXVLRQ&KDSWHUDQG,Q&KDSWHUDQG
SRVWVFULSWXP

29P  ZDVPHDVXUHGIURPDUWHULDORFFOXVLRQLPPHGLDWHO\DIWHUFHVVDWLRQ
RIUK\WKPLFLVRPHWULFH[HUFLVHDWYDULRXVH[HUFLVHLQWHQVLWLHV

$UPYVOHJPHDVXUHPHQWV
$SDUW IURP WKH VWXG\GHVFULEHG LQ&KDSWHUZHKDYH IRFXVVHGRQDUPPHDVXUHPHQWV
7KH DGYDQWDJH RI DUP PHDVXUHPHQWV FRQFHUQV WKH VPDOO PXVFOH PDVV WKDW HQDEOHV
H[HUFLVH WHVWV DW D EURDG UDQJH RI ZRUNLQWHQVLWLHV ZLWKRXW VXEVWDQWLDOO\ LQFUHDVLQJ WKH
FDUGLRYDVFXODU ORDG7KLV LVRI VSHFLDO LPSRUWDQFH LQ WKH LQYHVWLJDWLRQRISDWLHQWVZKHUH
H[HUFLVH WHVWV FDQ EH SRWHQWLDOO\ KD]DUGRXV HJ LQ SDWLHQWVZLWK KHDUW IDLOXUH RU FDUGLDF
FRQGXFWLRQDEQRUPDOLWLHVNQRZQ WREHDVVRFLDWHGZLWKVRPHPLWRFKRQGULDOP\RSDWKLHV
$QRWKHU DGYDQWDJH RI DUP PHDVXUHPHQWV LV WKDW WKH VNLQIROG WKLFNQHVV RI WKH DUP LV
QRUPDOO\VXEVWDQWLDOO\ ORZHUWKDQWKDWRI WKH OHJ7KLVEHFDXVHPDWKHPDWLFDOVLPXODWLRQV
KDYH VKRZQ WKDW VNLQIROG WKLFNQHVV FRQIRXQGV 1,56 PHDVXUHPHQWV>0DWVXVKLWD HW DO
1LZD\DPDHWDO<DPDPRWRHWDO@0RUHRYHUDUPPHDVXUHPHQWVKDYH
OLPLWHG EORRG SRROLQJ DV FRPSDUHG ZLWK WKH OHJ WKH PXVFOHV DUH HDV\ DFFHVVLEOH DQG
H[HUFLVHWDVNVFDQEHSHUIHFWO\VWDQGDUGLVHG

AIM OF THE THESIS 
1HDULQIUDUHG VSHFWURVFRS\ HQDEOHV WKH QRQLQYDVLYH LQYHVWLJDWLRQ RI ORFDO R[\JHQDWLRQ
DQGKDHPRG\QDPLFVLQVNHOHWDOPXVFOH%HFDXVHPXVFOHR[LGDWLYHFDSDFLW\ LV LPSDLUHGLQ
PLWRFKRQGULDOGLVRUGHUV1,56FDQEHYHU\XVHIXO LQ WKHGLDJQRVWLFZRUNXSRISDWLHQWV
VXVSHFWHGWRVXIIHUIURPVXFKDGLVHDVH+RZHYHU1,56LVVWLOODUHODWLYHO\QHZWHFKQLTXH
DQG WKHPHWKRGRORJLFDO FRQVWUDLQWV KDYH QRW \HW EHHQ IXOO\ H[SORLWHG 7KH DLP RI WKLV
WKHVLV LV WKHUHIRUH WZRIROG 7KH ILUVW REMHFWLYH LV WR LQYHVWLJDWH VRPH RI WKH PDMRU
PHWKRGRORJLFDO DVSHFWVQHFHVVDU\ IRU WKH OHJLWLPDWHXVHRI1,56 LQ WKH LQYHVWLJDWLRQRI
QRUPDO DQG SDWKRORJLFDO VWDWHV RI LQ YLYR PXVFOH PHWDEROLVP 7KH VHFRQG REMHFWLYH LV WR
LQYHVWLJDWH WKHSRVVLELOLWLHVRI1,56IRU WKH LQYHVWLJDWLRQRIQHXURPXVFXODUGLVRUGHUV LQ
RUGHUWRGHYHORSDQRQLQYDVLYHVFUHHQLQJVWHVWWKDWLVIXQFWLRQDOLQDZLGHUDQJHRISDWLHQWV
VXVSHFWHGWRKDYHDPHWDEROLFPLWRFKRQGULDOP\RSDWK\

THESIS OUTLINE 
$FFRUGLQJ WR WKH WZR REMHFWLYHV GHVFULEHG DERYH WKLV WKHVLV LV GLYLGHG LQWR WZR PDLQ
SDUWV7KHILUVWSDUWRIWKHWKHVLV&KDSWHULVIRFXVVHGRQWKHPHWKRGRORJLFDODVSHFWV
RI1,567KHVHFRQGSDUW&KDSWHU LVIRFXVVHGRQWKHFOLQLFDODSSOLFDWLRQRI1,56
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RQ QHXURPXVFXODU GLVRUGHUV )LQDOO\ LQ &KDSWHU  D VXPPDU\ RI WKH PDLQ UHVXOWV LV
JLYHQDQGWKHVHUHVXOWVDUHGLVFXVVHGZLWKUHVSHFWWRWKHLULPSOLFDWLRQVIRUIXWXUHVWXGLHV
DQGWKHLUFOLQLFDOUHOHYDQFH

Methodological issues 
:HKDYHVWXGLHGWKHSHUIRUPDQFHRIQHDULQIUDUHGVSHFWURVFRS\DVDQRSWLFDOPHWKRGWKDW
HQDEOHV FDOFXODWLRQ RI TXDQWLWDWLYH R[\JHQ FRQVXPSWLRQ DQG EORRG IORZ ,Q &KDSWHU 
1,56ZDVFRPSDUHGZLWKWKHPRUHFRQYHQWLRQDOEXWLQYDVLYH)LFNPHWKRG,WGHVFULEHV
ZKHWKHUTXDQWLWDWLYH1,56PHDVXUHPHQWVDWUHVWDQGGXULQJH[HUFLVHFRUUHODWHVZLWK WKH
)LFNPHWKRGDQGZKHWKHU1,56UHYHDOV ORFDOGLIIHUHQFHV WKDWDUHQRWGHWHFWDEOHE\ WKH
PRUHHVWDEOLVKHGWKRXJKPRUHUHJLRQDO)LFNPHWKRG,Q&KDSWHUWKHUHSURGXFLELOLW\RI
LQYLYRTXDQWLWDWLYH1,56

29P   LQKXPDQVNHOHWDOPXVFOHDWYDULRXVZRUNLQWHQVLWLHVRI
LVRPHWULFH[HUFLVHLVGHVFULEHG
3URSDJDWLRQRIWKHQHDULQIUDUHGOLJKWZLWKLQWKHWLVVXHLVFRPSOH[DVLWWUDYHOVWKURXJK
PXOWLSOH OD\HUV RI WKH LQKRPRJHQHRXV PHGLXP 7KH VXEFXWDQHRXV OD\HU FDQ YDU\
FRQVLGHUDEO\ GXH WR LQGLYLGXDO GLIIHUHQFHV LQ DGLSRVH WLVVXH WKLFNQHVV $77 DQG PD\
FRQIRXQG 1,56 PHDVXUHPHQWV &RPSXWHU VLPXODWLRQV VKRZHG WKDW $77 KDG D
FRQIRXQGLQJHIIHFWRQ1,56EXWRQO\DVPDOOQXPEHURILQYLYR1,56PHDVXUHPHQWVZHUH
GRQHWRYHULI\WKLVHIIHFWRI$77,Q&KDSWHUZHLQYHVWLJDWHGWKHLQIOXHQFHRI$77RQ
LQ YLYR 1,56 PHDVXUHPHQWV RI

29P   DQG IRUHDUP %) LQ D ODUJH JURXS RI KHDOWK\
VXEMHFWV
,Q&KDSWHU 1,56ZDV XVHG LQ FRPELQDWLRQZLWK WKHPRUH HVWDEOLVKHGPHWKRG RI
SKRVSKRUXVPDJQHWLFUHVRQDQFHVSHFWURVFRS\3056FXUUHQWO\FRQVLGHUHGDVDJROG
VWDQGDUG IRU WKHQRQLQYDVLYHPHDVXUHPHQWRIPXVFOHPHWDEROLVP1,56 DQG3056
KDYHEHHQXVHGDVFRPSOHPHQWDU\PHWKRGVIRUWKHLQYHVWLJDWLRQRILQYLYRVNHOHWDOPXVFOH
PHWDEROLVPPHDVXUHGVLPXOWDQHRXVO\DQGZLWKLQWKHVDPHYROXPHRILQWHUHVW7KLVZD\
ERWK R[LGDWLYH DQG JO\FRO\WLF SURFHVVHV RI PXVFOH PHWDEROLVP FRXOG EH VWXGLHG DW WKH
VDPH WLPH 7KLV DSSURDFK ZDV XVHG LQ KHDOWK\ VXEMHFWV DV ZHOO DV LQ )ULHGUHLFK DWD[LD
)5’$SDWLHQWVLQZKLFKPLWRFKRQGULDOIXQFWLRQLVWKRXJKWWREHLPSDLUHGLQRUGHUWR
VWUHVVWKHGLIIHUHQFHVDQGVLPLODULWLHVEHWZHHQERWKWHFKQLTXHV
&KDSWHU  GHVFULEHV WKH QRUPDO UDQJH DQG ELRORJLFDO YDULDELOLW\ RI WKH YDULRXV
TXDQWLWDWLYH1,56YDULDEOHVPHDVXUHGLQWKHKHDOWK\UHVWLQJPXVFOH

Clinical application 
$EULHILQWURGXFWLRQRQWKHFOLQLFDODSSOLFDWLRQVRI1,56LQQHXURPXVFXODUGLVRUGHUVDQG
DQRYHUYLHZRIWKHFXUUHQWOLWHUDWXUHDUHJLYHQLQ&KDSWHU,Q&KDSWHU

29P  DQG%)
DW UHVW DQG GXULQJ ORZLQWHQVLW\ H[HUFLVH ZDV H[DPLQHG LQ SDWLHQWV ZLWK D VSHFLILF
PLWRFKRQGULDO P\RSDWK\ DQG FRPSDUHG ZLWK KHDOWK\ FRQWUROV ,Q WKH SRVWVFULSWXP RI
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&KDSWHU  WKH DGGLWLRQDO DQDO\VLV RI WKLV SDWLHQW JURXS DIWHU LQFRUSRUDWLRQ RI WKH
FRQIRXQGLQJHIIHFWRIDGLSRVHWLVVXHWKLFNQHVVRQLQYLYR1,56PHDVXUHPHQWV&KDSWHU
LVGHVFULEHG
$OWKRXJK 1,56 KDV UHFHQWO\ EHHQ XVHG IRU GLDJQRVLV RI PHWDEROLF PLWRFKRQGULDO
P\RSDWKLHV LW KDG QHYHU EHHQ XVHG LQ RWKHU QHXURPXVFXODU GLVRUGHUV VXFK DV
LQIODPPDWRU\ P\RSDWKLHV ,Q &KDSWHU  ZH XVHG 1,56 WR VWXG\ WKH HIIHFW RI
FRUWLFRVWHURLG WUHDWPHQW LQ GHUPDWRP\RVLWLV D PXVFOH GLVRUGHU FKDUDFWHULVHG E\
FRPSOHPHQWPHGLDWHGFDSLOODU\QHFURVLVUHVXOWLQJLQLVFKHPLDDQGK\SRSHUIXVLRQ

 
3$57
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 

 

3HUIRUPDQFHRIQHDULQIUDUHGVSHFWURVFRS\LQPHDVXULQJORFDO
R[\JHQFRQVXPSWLRQDQGEORRGIORZLQVNHOHWDOPXVFOH

9DQ%HHNYHOW0&3&ROLHU:1-0:HYHUV5$9DQ(QJHOHQ%*0

-$SSO3K\VLRO

 
SUMMARY 
The aim of this study was to investigate local oxygen consumption 
( 2OVm  ) and forearm blood flow (FBF) in resting and exercising 
muscle by use of near-infrared spectroscopy (NIRS) and to compare 
the results with the global 2OVm   and FBF derived from the well-
established Fick-method and plethysmography. 2OVm   was derived 
from 1) NIRS using venous occlusion, 2) NIRS using arterial 
occlusion, and 3) the Fick-method ( ( )Fick2 OVm  ). FBF was derived from 
1) NIRS and 2) strain-gauge plethysmography. Twenty-six healthy 
subjects were tested at rest and during sustained isometric handgrip 
exercise. Local variations were investigated with two independent and 
simultaneously operating NIRS systems at two different muscles and 
two measurement depths. 2OVm   increased more than fivefold in the 
active flexor digitorum superficialis muscle, and it increased 1.6 times 
in the brachioradialis muscle. The average increase in ( )Fick2 OVm   was 
twofold. FBF increased 1.4 times independent of the muscle or the 
method. It is concluded that NIRS is an appropriate tool to provide 
information about local 2OVm   and local FBF because both place and 
depth of the NIRS measurements reveal local differences that are not 
detectable by the more established, but also more global, Fick 
method. 

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INTRODUCTION 
1HDULQIUDUHG VSHFWURVFRS\ 1,56 LV D QRQLQYDVLYH FRQWLQXRXV DQG GLUHFWPHWKRG WR
GHWHUPLQH R[\JHQDWLRQ DQG KDHPRG\QDPLFV LQ WLVVXH ,W HQDEOHV WKH VWXG\ RI ORFDO
GLIIHUHQFHV LQPXVFOH R[\JHQ FRQVXPSWLRQ DQGGHOLYHU\1,56KDV DOVR VKRZQ WR EH D
VHQVLWLYH WRRO LQ WKH GLVFULPLQDWLRQ EHWZHHQ QRUPDO DQG SDWKRORJLFDO VWDWHV $EQRUPDO
R[\JHQDWLRQGXHWRLQVXIILFLHQWGHOLYHU\KDVEHHQIRXQGZLWK1,56LQSDWLHQWVZLWKKHDUW
IDLOXUH>%HODUGLQHOOLHWDO0DQFLQLHWDOD0DWVXLHWDO:LOVRQHWDO@
DQGSHULSKHUDOYDVFXODUGLVHDVH>&KHDWOHHWDO.RPL\DPDHWDO.RRLMPDQHWDO
0F&XOO\HWDOE@1,56ZDVDOVRXVHGWRFKDUDFWHULVHSDWLHQWVZLWKPHWDEROLF
P\RSDWKLHV LQ ZKLFK DEQRUPDOLWLHV LQ R[\JHQDWLRQ SDWWHUQ DUH UHODWHG WR R[\JHQ
H[WUDFWLRQ LQVWHDGRIR[\JHQGHOLYHU\>$EHHW DO %DQNHW DO *HOOHULFKHW DO
@2XU UHFHQW VWXG\ VKRZHG WKDW1,56PDNHV LW SRVVLEOH WRTXDQWLI\GLIIHUHQFHV LQ
R[\JHQ FRQVXPSWLRQ DQG IRUHDUP EORRG IORZ DW UHVW DV ZHOO DV GXULQJ H[HUFLVH DQG
GLVFULPLQDWHVEHWZHHQSDWLHQWVZLWKPLWRFKRQGULDOP\RSDWKLHVDQGKHDOWK\SHUVRQV>9DQ
%HHNYHOWHWDO@
4XDQWLILFDWLRQRIPXVFOHR[\JHQ FRQVXPSWLRQ 

29P   DQGEORRG IORZXVLQJ1,56
KDV EHFRPH SRVVLEOH E\ LQFRUSRUDWLQJ D GLIIHUHQWLDO SDWKOHQJWK IDFWRU LQ WKH /DPEHUW
%HHUODZ>’HOS\HWDO@DQGDSSO\LQJDQRFFOXVLRQWRFRQWUROFLUFXODWLRQLQWKHOLPE

29P  KDVEHHQPHDVXUHGZLWK1,56GXULQJDUWHULDORFFOXVLRQ>&KHDWOHHWDO&ROLHU
HWDO’H%ODVLHWDO’H%ODVLHWDO9DQ%HHNYHOWHWDO@DVZHOODV
GXULQJYHQRXVRFFOXVLRQ>’H%ODVLHWDO’H%ODVLHWDO+RPPDHWDOD
9DQ %HHNYHOW HW DO @ 0XVFOH EORRG IORZ KDV EHHQ PHDVXUHG ZLWK 1,56 GXULQJ
YHQRXV RFFOXVLRQ >’H %ODVL HW DO  9DQ %HHNYHOW HW DO @ DQG E\ XVH RI DQ
LQWUDYDVFXODUWUDFHU>(GZDUGVHWDO@
&RPSDULVRQ RI WKH 1,56 PHWKRG WR TXDQWLI\ EORRG IORZ ZLWK PRUH HVWDEOLVKHG
PHWKRGVKDVEHHQUHSRUWHGLQRQO\DIHZVWXGLHV1,56EORRGIORZPHDVXUHPHQWDWUHVW
REWDLQHG E\ DQ LQWUDYDVFXODU WUDFHU ZDV FRPSDUHG ZLWK YHQRXV RFFOXVLRQ
SOHWK\VPRJUDSK\E\(GZDUGVHWDO>(GZDUGVHWDO@DQG’H%ODVLHWDO>’H%ODVLHW
DO@FRPSDUHG1,56IORZPHDVXUHPHQWZLWKSOHWK\VPRJUDSKLF IORZPHDVXUHPHQW
ERWK VLPXOWDQHRXVO\ PHDVXUHG GXULQJ YHQRXV RFFOXVLRQ 4XDQWLWDWLYH 1,56

29P  
PHDVXUHPHQW KRZHYHU KDV QHYHU EHHQ FRPSDUHG ZLWK D PRUH HVWDEOLVKHG PHWKRG
$OWKRXJK +RPPD HW DO >+RPPD HW DO D@ VKRZHG WKDW WKHUH ZDV D UHODWLRQVKLS
EHWZHHQWKHGHR[\JHQDWLRQSDWWHUQHVWLPDWHGE\1,56GXULQJYHQRXVRFFOXVLRQDQGWKH
2 FRQVXPSWLRQ REWDLQHG E\ D PRUH HVWDEOLVKHG PHWKRG WKH\ GLG QRW FDOFXODWH
TXDQWLWDWLYHYDOXHVIRU

29P  
7KHSUHVHQWVWXG\ZDVXQGHUWDNHQWRGHWHUPLQHZKHWKHUTXDQWLWDWLYHPHDVXUHPHQWRI
1,56

29P   DQG )%) RI KXPDQ VNHOHWDO PXVFOH DW UHVW DV ZHOO DV GXULQJ H[HUFLVH
FRUUHODWHV ZLWK WKH PRUH HVWDEOLVKHG PHWKRGV RI FRPELQLQJ EORRG JDV DQDO\VLV SXOVH
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R[LPHWU\ DQG SOHWK\VPRJUDSK\ DQG ZKHWKHU WKH GHSWK DQG WKH SODFH RI WKH 1,56
PHDVXUHPHQWV UHYHDO ORFDO GLIIHUHQFHV WKDW DUH QRW GHWHFWDEOH E\ WKHPRUH HVWDEOLVKHG
WKRXJKJOREDO)LFNPHWKRG

MATERIALS AND METHODS 
Subjects 
7ZHQW\VL[KHDOWK\YROXQWHHUV PDOH IHPDOHSDUWLFLSDWHG LQ WKLV VWXG\7KHVWXG\
ZDV DSSURYHG E\ WKH )DFXOW\ (WKLFV &RPPLWWHH DQG DOO VXEMHFWV JDYH WKHLU ZULWWHQ
LQIRUPHGFRQVHQW7KHVXEMHFWFKDUDFWHULVWLFVZHUH\ULQDJHFP
LQ KHLJKW DQG    NJ LQ ZHLJKW PHDQV± 6’ 2QH VXEMHFW XVHG PHGLFDWLRQ
3XOPLFRUWSXIIV WKDW WRRXUNQRZOHGJHGRHVQRW DIIHFWPXVFOHSHULSKHUDO FLUFXODWLRQ
6NLQIROG WKLFNQHVV ZDV PHDVXUHG EHWZHHQ WKH 1,56 RSWRGHV XVLQJ D VNLQIROG FDOLSHU
+ROWDLQ /WG &U\PP\FK 8. DQG GLYLGHG E\ WZR WR GHWHUPLQH WKH DGLSRVH WLVVXH
WKLFNQHVVIDWVNLQOD\HU$77FRYHULQJWKHPXVFOH$OOEXWWZRRIWKHVXEMHFWVZHUH
ULJKWKDQGHG

Near-infrared Spectroscopy (NIRS) 
1,56LVEDVHGRQWKHUHODWLYHWLVVXHWUDQVSDUHQF\IRUOLJKWLQWKHQHDULQIUDUHGUHJLRQDQG
RQWKHR[\JHQGHSHQGHQWDEVRUSWLRQFKDQJHVRIKDHPRJORELQDQGP\RJORELQ%\XVLQJD
FRQWLQXRXVZDYH QHDULQIUDUHG VSHFWURSKRWRPHWHU 2[\PRQ %LRPHGLFDO (QJLQHHULQJ
’HSDUWPHQW8QLYHUVLW\RI1LMPHJHQ1/ WKDW JHQHUDWHV OLJKW DW   DQGQP
>9DQ GHU 6OXLMV HW DO @ LW LV SRVVLEOH WR GLIIHUHQWLDWH EHWZHHQ R[\ DQG
GHR[\KDHPRJORELQP\RJORELQ2+E20EDQG++E+0EUHVSHFWLYHO\%HFDXVHRI
LGHQWLFDOVSHFWUDOFKDUDFWHULVWLFVLWLVQRWSRVVLEOHWRGLVWLQJXLVKEHWZHHQ+EDQG0E7KH
DEVRUSWLRQFKDQJHVDWWKHGLVFUHWHZDYHOHQJWKVDUHFRQYHUWHGLQWRFRQFHQWUDWLRQFKDQJHV
RI2+EDQG++EE\XVLQJWKHDOJRULWKPGHVFULEHGE\/LYHUDHWDO>/LYHUDHWDO@
7RFRUUHFWIRUVFDWWHULQJRISKRWRQVLQWKHWLVVXHDGLIIHUHQWLDOSDWKOHQJWKIDFWRU’3)
RIZDVXVHGIRUWKHFDOFXODWLRQRIDEVROXWHFRQFHQWUDWLRQFKDQJHV>’XQFDQHWDO
)HUUDULHWDO@’DWDZHUHVDPSOHGDW+]GLVSOD\HGUHDOWLPHDQGVWRUHGRQGLVN
IRURIIOLQHDQDO\VLV
7KHVXPRI2+EDQG++EFRQFHQWUDWLRQV>2+E@DQG>++E@UHVSHFWLYHO\UHIOHFWV
WKH WRWDO DPRXQW RI KDHPRJORELQ >W+E@ DQG FKDQJHV LQ >W+E@ FDQ EH LQWHUSUHWHG DV
FKDQJHV LQ EORRG YROXPH LQ WKH WLVVXH 7KH GLIIHUHQFH EHWZHHQ >2+E@ DQG >++E@  
>+EGLII@LVXVHGIRUWKHFDOFXODWLRQRIR[\JHQFRQVXPSWLRQGXULQJDUWHULDORFFOXVLRQ
6LPXOWDQHRXV 1,56 PHDVXUHPHQWV ZHUH GRQH RQ WRS RI WKH IOH[RU GLJLWRUXP
VXSHUILFLDOLV )’6 PXVFOH DQG RQ WRS RI WKH EUDFKLRUDGLDOLV %5 PXVFOH ZLWK WZR
LQGHSHQGHQWRSHUDWLQJ1,56V\VWHPV7KLVZDVGRQHWRREWDLQXQLTXHLQIRUPDWLRQDERXW
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ORFDOGLIIHUHQFHVLQPXVFOH

29P  DQGEORRGIORZEHWZHHQWKHDJRQLVWLFIOH[RUPXVFOHV
LQLWLDWLQJ KDQGJULS H[HUFLVH DQG WKH V\QHUJLVWLF EUDFKLRUDGLDOLV PXVFOH ,Q DGGLWLRQ WZR
LQWHURSWRGHGLVWDQFHV,2RIPPDQGPPZHUHXVHGWRPHDVXUHVLPXOWDQHRXVO\DW
GLIIHUHQWGHSWKVIXUWKHUUHIHUUHGWRDV,2DQG,2UHVSHFWLYHO\

Strain-gauge plethysmography 
)RUHDUPEORRGIORZZDVDOVRPHDVXUHGE\WKHPRUHHVWDEOLVKHGPHWKRGRIVWUDLQJDXJH
SOHWK\VPRJUDSK\ /RRVFR $PVWHUGDP 1/ E\ XVLQJ PHUFXU\ILOOHG VLOLFRQ JDXJHV
>:LWQH\ @$SQHXPDWLF DUP FXII DURXQG WKH XSSHU DUP MXVW DERYH WKH HOERZZDV
LQIODWHGWRPP+JWRDSSO\YHQRXVRFFOXVLRQ$ZULVWFXIILQIODWHGWRPP+JZDV
XVHG WR H[FOXGH EORRG IORZ IURP WKH KDQG 7KH VWUDLQJDXJH ZDV VWUHWFKHG KDOIZD\
DURXQG WKH IRUHDUP RQ WRS RI WKH )’6 DQG EHWZHHQ WKH 1,56 RSWRGHV WR PHDVXUH
SOHWK\VPRJUDSKLF IORZ LQ WKH VDPH UHJLRQ DV WKH1,56PHDVXUHPHQW7KH VWUDLQJDXJH
ZDVHOHFWURQLFDOO\FDOLEUDWHG6WUDLQJDXJHSOHWK\VPRJUDSK\DQG1,56GDWDZHUHUHFRUGHG
VLPXOWDQHRXVO\

Blood sampling 
$ 9HQIORQ FDWKHWHU %2& 2KPHGD $% +HOVLQJERUJ 6( ZDV LQVHUWHG LQWR WKH
DQWHFXELWDO YHLQ 7R VDPSOH EORRG IURP GHHS ZLWKLQ WKH DFWLYH PXVFOH WKXV DYRLGLQJ
PL[WXUHZLWKVNLQFLUFXODWLRQWKHFDWKHWHUZDVLQVHUWHGLQUHWURJUDGHGLUHFWLRQ>+DUWOLQJHW
DO0RWWUDP@$WKUHHZD\VWRSFRFNZDVDWWDFKHGWRDOORZIRUGUDZLQJEORRG
LQWR KHSDULQL]HG PO V\ULQJHV IRU PHDVXUHPHQW RI EORRG JDVVHV DQG +E FRQWHQW
6\QWKHVLV  ,QVWUXPHQWDWLRQ /DERUDWRU\ ,7 %ORRG JDV DQDO\VLV WRRN SODFH GLUHFWO\
DIWHUZLWKGUDZDORIWKHEORRG7KHFDWKHWHUZDVZDVKHGRXWZLWKVRGLXPFKORULGH
WR SUHYHQW LW IURP FORWWLQJ $UWHULDO VDWXUDWLRQ 6D2 ZDV PHDVXUHG XVLQJ D SXOVH
R[LPHWHU32;11HOOFRU3XULWDQ%HQQHW,1&86$ZLWKWKHSUREHSODFHGRQWKH
OHIWLQGH[ILQJHU

Protocol 
7KHVXEMHFW OD\ LQDFRPIRUWDEOHVXSLQHSRVLWLRQPLQSULRU WR WKH WHVW7KHULJKW
KDQG UHVWHG RQ D KDQGJULS G\QDPRPHWHU ZLWK WKH XSSHU DUP DW KHDUW OHYHO DQG WKH
IRUHDUPLQDQXSZDUGDQJOHRI° WRDYRLGYHQRXVSRROLQJRI WKHEORRG7KHDUPZDV
VXSSRUWHGDWWKHZULVWDQGDERYHWKHHOERZVRWKDWWKHUHZDVQRFRQWDFWEHWZHHQIRUHDUP
DQG G\QDPRPHWHU DQG FLUFXODWLRQ LQ WKH IRUHDUP ZDV FRPSOHWHO\ XQUHVWULFWHG 7KH
VXEMHFW
VPD[LPXPYROXQWDU\ FRQWUDFWLRQ 09& IRUFHZDV GHWHUPLQHGEHIRUH WKH WHVW
3QHXPDWLFFXIIVZHUHSODFHGDURXQGWKHXSSHUDUPDQGWKHZULVW
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7KH H[SHULPHQW VWDUWHGZLWK D PLQ UHVW SHULRG DIWHU SODFHPHQW RI WKH LQVWUXPHQWV
DQG LQVHUWLRQ RI WKH FDWKHWHU )LJ  $W  PLQ UHVW WKH ZULVW FXII  PP+J ZDV
LQIODWHG2QHPLQXWHODWHUWKUHHFRQVHFXWLYHYHQRXVRFFOXVLRQVPP+JZHUHDSSOLHG
IROORZHGE\DQDUWHULDORFFOXVLRQPP+J$OOYHQRXVRFFOXVLRQVODVWHGVDQGWKH
DUWHULDO RFFOXVLRQ ZDV PDLQWDLQHG IRU  V 2QH PLQXWH RI UHFRYHU\ VHSDUDWHG WKH
LQWHUYHQWLRQV$EORRGVDPSOHZDVWDNHQMXVWEHIRUHWKHILUVWYHQRXVRFFOXVLRQDQGDJDLQ
EHIRUHDUWHULDORFFOXVLRQ)LJ
$IWHUPLQRIUHFRYHU\WKHVXEMHFWZDVDVNHGWRSHUIRUPVXVWDLQHGLVRPHWULFKDQGJULS
H[HUFLVHDW09&7KHOHYHOZDVPDUNHGRQDGLVSOD\YLVLEOHIRUWKHVXEMHFW7KH
ZULVWFXIIZDVLQIODWHGDWWKHVWDUW RIH[HUFLVH$IWHUVRIH[HUFLVHZKHQ1,56VLJQDOV
KDG UHDFKHG VWHDG\ VWDWH D EORRG VDPSOH ZDV WDNHQ LPPHGLDWHO\ IROORZHG E\ UDSLG
LQIODWLRQRIWKHDUPFXIIWRDSSO\YHQRXVRFFOXVLRQZKLOHH[HUFLVHZDVPDLQWDLQHG)LJ
&XII LQIODWLRQZDVNHSW DWPP+JIRU V DQG WKDQ UHOHDVHG$W WKH VDPH WLPH WKH
H[HUFLVHZDVHQGHGDQGWKHZULVWFXIIUHOHDVHG
:KHQ1,56 DQG SOHWK\VPRJUDSKLF VLJQDOV KDG UHWXUQHG WR SUHH[HUFLVH OHYHOV DIWHU 
PLQ D VHFRQG H[HUFLVH VHVVLRQ ZDV SHUIRUPHG XQGHU LGHQWLFDO FRQGLWLRQV WR GHWHUPLQH

29P   GXULQJ DUWHULDO RFFOXVLRQ $ EORRG VDPSOH ZDV WDNHQ DW  V DIWHU WKHVWDUW RI
H[HUFLVHWKLVWLPHLPPHGLDWHO\IROORZHGE\DQDUWHULDORFFOXVLRQZKLFKZDVUHOHDVHGDIWHU
VZKLOHWKHH[HUFLVHZDVHQGHGDQGWKHZULVWFXIIUHOHDVHG

Forearm measurements 
)RUHDUPEORRGIORZ
)RUHDUPEORRG IORZZDV FDOFXODWHG IURP1,56 GDWD )%)1,56 E\ HYDOXDWLQJ WKH OLQHDU
LQFUHDVH LQ >W+E@ZLWKLQ WKH ILUVW VHFRQGVRI WKHYHQRXVRFFOXVLRQ>’H%ODVLHWDO
9DQ%HHNYHOWHWDO@&RQFHQWUDWLRQFKDQJHVRIW+EZHUHH[SUHVVHGLQPLFURPRODUV
SHUVHFRQG0ˆVDQGZHUHFRQYHUWHGWRPLOOLOLWUHVEORRGSHUPLQXWHSHUPLOOLOLWUHV
WLVVXHPO⋅PLQ⋅POE\XVLQJWKHLQGLYLGXDO+EFRQFHQWUDWLRQWKDWZDVREWDLQHGIURP
WKHEORRGVDPSOHV7KHPROHFXODUZHLJKWRI+EJ⋅PRODQGWKHPROHFXODUUDWLR
EHWZHHQ+EDQG2ZHUHWDNHQLQWRDFFRXQW
7R FRPSDUH)%)1,56ZLWK DPRUH HVWDEOLVKHGPHWKRG IRUHDUPEORRG IORZZDV DOVR
PHDVXUHG E\ YHQRXV RFFOXVLRQ SOHWK\VPRJUDSK\ )%)3OHWK >:LWQH\ @ )LJ  7KH
OLQHDULQFUHDVHZLWKLQWKHILUVWVHFRQGVRIWKHVRFFOXVLRQZDVFRQVLGHUHGIRU)%)3OHWK
FDOFXODWLRQ9ROXPH FKDQJHVZHUH H[SUHVVHG LQ SHUFHQWDJHV DQG FRQYHUWHG WRPLOOLOLWUHV
EORRG SHU PLQXWH SHU PLOOLOLWUHV WLVVXH PO⋅PLQ⋅PO IRU WKH FRPSDULVRQ ZLWK
)%)1,56 )%)1,56 DQG)%)3OHWKZHUH ERWK FDOFXODWHG IURP WKH VDPH WLPHSHULRG GXULQJ
YHQRXVRFFOXVLRQDQGUHIOHFWWKHUHIRUHWKHORFDO)%)1,56DQGWKHWRWDO)%)3OHWKIORZLQ
WKHIRUHDUPIRUWKDWWLPHSHULRG

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
Method NIRS NIRS NIRS Plethysmo
-graphy 
POX Blood gas 
analysis 
Intervention Venous 
occlusion 
Arterial 
occlusion 
Venous 
occlusion 
Venous 
occlusion 
Arterial 
pulse 
Venous 
samples 
Variables:     CaO2 CvO2 
       
   FBFNIRS FBFPleth (a-v)O2diff 
       
 
( )VONIRS 2OVm   
 
( )AONIRS2OVm    ( )Fick2OVm    
 
Fig. 1. Protocol (A) and measurements (B) as performed by each subject. Venous and 
arterial occlusion (VO and AO, respectively) are applied at rest and during sustained 
isometric handgrip exercise at 10% of the subject’s maximal voluntary contraction force 
(10%MVC). BS = blood sample. See METHODS for a detailed description of the protocol. 
From this protocol, oxygen consumption was calculated with NIRS during VO 
( ( )VONIRS2 OVm  ) and during AO ( ( )AONIRS2OVm  ). Forearm blood flow was calculated during 
VO with NIRS (FBFNIRS) and with plethysmography (FBFPleth). Oxygen consumption 
derived from Fick ( ( )Fick2OVm  ) was obtained by the combination of plethysmography, 
pulse oximetry (POX) and blood sampling. CaO2 = arterial O2 content, CvO2 = venous O2 
content, (a-v)O2diff = arterio-venous O2 difference. 

2[\JHQFRQVXPSWLRQ
0XVFOH R[\JHQ FRQVXPSWLRQ 

29P   ZDV PHDVXUHG E\ WKUHH PHWKRGV )LJ  )LUVW

29P  ZDV GHULYHG IURP1,56 XVLQJ YHQRXV RFFOXVLRQ  ( )
92
1,56
29P   DV WKH UDWH RI
LQFUHDVH LQ >++E@>’H%ODVLHWDO@6HFRQG

29P  ZDVGHULYHGIURP1,56XVLQJ
DUWHULDO RFFOXVLRQ  ( )
$2
1,56
29P   E\ HYDOXDWLQJ WKH UDWH RI GHFUHDVH LQ >+EGLII@
>+EGLII@ >2+E@>++E@ZLWKWKHDVVXPSWLRQWKDW>W+E@LVFRQVWDQW>’H%ODVLHWDO@
&RQFHQWUDWLRQ FKDQJHV RI ++E DQG +EGLII ZHUH H[SUHVVHG LQ PLFURPRODUV SHU VHFRQG
0ˆV DQG FRQYHUWHG WR PLOOLOLWUHV 2 SHU PLQXWH SHU  JUDPV WLVVXH
PO2⋅PLQ⋅J$YDOXHRINJ⋅OZDVXVHG IRUPXVFOHGHQVLW\>9LHURUGW@

A 
B 
Rest 5 min Rec. 5 minRec. 5 min Rec. 3 minVO VOVOVORec. AO AORec. Rec. 10%MVC 10%MVC
BS
Wrist cuff Wrist cuff Wrist cuff
BS BS BS
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7KLUG

29P   ZDV GHULYHG IURP WKH FRPELQDWLRQ RI %ORRG VDPSOHV 32; DQG
SOHWK\VPRJUDSK\ XVLQJ )LFN•V ODZ IRU WKH HTXDWLRQ RI

29P    ( ))LFN29P   DVVXPLQJ
VWDQGDUGWHPSHUDWXUHSUHVVXUHGU\673’FRQGLWLRQV(T

( )
GLII
2YD)%)29P −×=  (T

:KHUHDY2GLIILVDUWHULRYHQRXV2GLIIHUHQFH
$UWHULDO VDWXUDWLRQZDVGHULYHGIURP32;ZKLOHYHQRXV VDWXUDWLRQZDVGHULYHGIURP
WKHEORRGVDPSOHV7KHR[\JHQELQGLQJFDSDFLW\RIKXPDQKDHPRJORELQ+IQHUVIDFWRU
 PO2⋅JZDVWDNHQLQWRDFFRXQW7KHGLVVROYHG2LQWKHEORRGZDVDVVXPHGWR
EHPO2⋅PO

Statistics 
,QVRPHFDVHVSDUWVRIWKHPHDVXUHPHQWVZHUHPLVVLQJEHFDXVHRIDYHU\ORZVLJQDOWR
QRLVH UDWLR$ 6KDSLUR:LON WHVWZDV XVHG WR WHVW DOO YDULDEOHV IRU QRUPDOLW\ 3
/RJWUDQVIRUPDWLRQZDV DSSOLHG RQ YDULDEOHV WKDW IDLOHG WKH QRUPDOLW\ WHVW 7R WHVW WKH
UHSURGXFLELOLW\ RI WKH WKUHH FRQVHFXWLYH YHQRXV RFFOXVLRQV IRU WKH PHDVXUHPHQW RI

29P   DQG )%) D WZRZD\ $129$ZLWK DPL[HGPRGHO ZDV XVHG DQG IROORZHG E\
6FKHIIp
V PHWKRG LI VLJQLILFDQW GLIIHUHQFHV ZHUH IRXQG 6WDWLVWLFDO GLIIHUHQFHV EHWZHHQ
PHDVXUHPHQW GHSWKPHDVXUHPHQW SODFH ERWKPHWKRGV IRU

29P   DQG ERWKPHWKRGV
IRU)%)DQGEHWZHHQUHVWDQGH[HUFLVHZHUHWHVWHGE\PHDQVRIWKH6WXGHQWSDLUHGWWHVW
7RSURWHFWDJDLQVWD W\SH,HUURUDQDOSKDRIZDVFKRVHQ$6SHDUPDQFRUUHODWLRQ
WHVWZDVXVHGWRWHVWWKHFRUUHODWLRQEHWZHHQ1,56

29P  DQGDGLSRVHWLVVXHWKLFNQHVV
$OOGDWDDUH UHSRUWHGDVPHDQV±6’7KH OHYHORIVWDWLVWLFDO VLJQLILFDQFHZDV VHWDW3≤


RESULTS  
$GLSRVH WLVVXH WKLFNQHVV $77 ZDV    PP RQ WRS RI WKH IOH[RU GLJLWRUXP
VXSHUILFLDOLVPXVFOHDQGPPRQWRSRIWKHEUDFKLRUDGLDOLVPXVFOH09&IRUFH
ZDV11RFRUUHODWLRQZDV IRXQGEHWZHHQ

29P  PHDVXUHPHQWV DQG$77
7DEOH

Reproducibility  
7KH UHSURGXFLELOLW\ RI WKH 1,56 PHDVXUHPHQWV IRU

29P   DQG )%) DV ZHOO DV WKH
SOHWK\VPRJUDSKLFIORZPHDVXUHPHQWZDVLQYHVWLJDWHGE\PHDQVRIWKHUHSHWLWLRQRIWKUHH
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YHQRXVRFFOXVLRQV$OOYDOXHVIRU

29P  DQG)%)GXULQJWKHUHSHDWHGPHDVXUHPHQWVDV
ZHOODVWKHFRHIILFLHQWRIYDULDWLRQDUHVKRZQLQ7DEOH

2[\JHQFRQVXPSWLRQIURP1,56
2[\JHQFRQVXPSWLRQPHDVXUHGE\1,56GXULQJYHQRXVRFFOXVLRQ  ( )
92
1,56
29P  ZDV
QRWUHSURGXFLEOHIRU)’6DW,2DVWKLVYDOXHGHFUHDVHGVOLJKWO\EXWVLJQLILFDQWO\ZKHQ
YHQRXVRFFOXVLRQZDVUHSHDWHG%HFDXVHQRGLIIHUHQFHVZHUHH[SHFWHGRQWKHEDVLVRIWKH
SK\VLRORJLFDOEDFNJURXQGDQGWKHVXIILFLHQWWLPHIRUUHFRYHU\ZHGHFLGHGWKDWWKLVYDOXH
IRU ( )
92
1,56
29P  ZDVQRW UHOLDEOHDQG WKHUHIRUHH[FOXGHG LW IURPIXUWKHUDQDO\VLV2Q
WKHFRQWUDU\)’6DW ,2 DQG%5DW ,2ZHUH UHSURGXFLEOH 3!DQG WKHUHIRUH
ZHUHFDOFXODWHGDVWKHDYHUDJH

29P  IURPWKHWKUHHRFFOXVLRQV

)RUHDUPEORRGIORZIURP1,56
1RVLJQLILFDQWGLIIHUHQFHVEHWZHHQWKHWKUHHFRQVHFXWLYHYHQRXVRFFOXVLRQVDWUHVWZHUH
IRXQG LQ WKH FDOFXODWHG IORZ PHDVXUHG E\ 1,56 )%)1,56 7KHUHIRUH )%)1,56 ZDV
FDOFXODWHGDVWKHDYHUDJHIORZRIWKHWKUHHRFFOXVLRQV

)RUHDUPEORRGIORZIURPSOHWK\VPRJUDSK\
1RVLJQLILFDQWGLIIHUHQFHVEHWZHHQWKHWKUHHFRQVHFXWLYHYHQRXVRFFOXVLRQVDWUHVWZHUH
IRXQG LQ WKH SOHWK\VPRJUDSKLF IORZPHDVXUHPHQW )%)3OHWK HLWKHU 7KHUHIRUH )%)3OHWK
ZDVFDOFXODWHGDVWKHDYHUDJHIORZYDOXHREWDLQHGIURPWKHWKUHHRFFOXVLRQV


Table 1. Correlation between ATT and ( )AONIRS2OVm   in the FDS and BR 
     
  FDS IO35 FDS IO50 BR IO35 
     
ATT (mm)  2.2 ± 0.8 
(1.3-4.5) 
2.2 ± 0.8 
(1.3-4.5) 
2.6 ± 0.5 
(1.8-3.7) 
     
Spearman r -0.13 0.11 -0.20 
 
P 0.52 0.61 0.31 
Values are mean ± SD (range) for adipose tissue thickness (ATT). 
Spearman correlation coefficient (r) and P values are given for the three 
near-infrared spectroscopy (NIRS) local muscle O2 consumption ( 2OVm  ) 
measurements. FDS, flexor digitorum superficialis muscle; BR, brachio-
radialis muscle; IO35 and IO50, interoptode distances of 35 and 50 mm, 
respectively. 
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Table 2. Reproducibility of 2OVm   and FBF during three consecutive venous occlusions 
  VO-1 VO-2 VO-3 Comparison P value CV (%) 
         
( )VONIRS 2OVm   FDS IO35 
n = 24 
0.09 ± 0.04 0.08 ± 0.04 0.08 ± 0.04 Overall 
 
VO-3 vs. VO-1 
VO-3 vs. VO-2 
VO-2 vs. VO-1 
* 
 
* 
NS 
** 
P = 0.01 
 
P < 0.05 
P > 0.05 
P < 0.01 
30.6 
 FDS IO50 
n = 20 
0.08 ± 0.04 0.08 ± 0.04 0.07 ± 0.04 Overall NS 25.4 
 BR IO35 
n = 26 
0.14 ± 0.09 0.14 ± 0.11 0.13 ± 0.10 Overall NS 23.3 
FBFNIRS FDS IO35  
n = 25 
0.76 ± 0.33 0.70 ± 0.39 0.71 ± 0.35 Overall NS 28.6 
 FDS IO50 
n = 21 
0.61 ± 0.28 0.59 ± 0.34 0.54 ± 0.28 Overall NS 30.3 
 BR IO35 
n = 26 
1.41 ± 1.01 1.40 ± 1.09 1.44 ± 1.11 Overall NS 20.4 
FBFPleth n = 24 2.07 ± 0.86 2.01 ± 0.73 2.07 ± 0.71 Overall NS 16.7 
Values are mean (±SD) for 2OVm   (mlO2⋅min-1⋅100g-1) and forearm blood flow (FBF; ml⋅min-1⋅100ml-1). 
First, second, and third venous occlusions are represented by VO-1, VO-2, and VO-3, respectively. 
Number of subjects (n) varies due to missing values in either VO-1, VO-2 or VO-3. CV, coefficient of 
variation. *P ≤ 0.05; **P ≤ 0.01; NS, not significant. 

NIRS 2OVm   measurements 
1RVLJQLILFDQWGLIIHUHQFHVEHWZHHQ ( )
92
1,56
29P   DQG ( )
$2
1,56
29P  ZHUH IRXQG LQ WKH
%5PXVFOHRUIRU)’6DW,27DEOH’XULQJH[HUFLVH 29P   LQFUHDVHGVLJQLILFDQWO\
IRUDOOPHDVXUHPHQWV3≤FRPSDUHGZLWKDWUHVW$OWKRXJK ( )
$2
1,56
29P  VKRZHG
PDUNHG GLIIHUHQFHV EHWZHHQ WKH GLIIHUHQW PXVFOHV WKH LQFUHDVH LQ ( )
92
1,56
29P   ZDV
URXJKO\WKHVDPHLQGHSHQGHQWRIWKHPHDVXUHGPXVFOHRUWKHGHSWKRIWKHPHDVXUHPHQW
7DEOH7KLVUHVXOWHGLQDVLJQLILFDQWO\ORZHU ( )
92
1,56
29P  LQ)’6DW,2DQG)’6DW
,2DVFRPSDUHGZLWK ( )
$2
1,56
29P  ZKHUHDVQRGLIIHUHQFHZDVIRXQGLQWKH%5
:HGHFLGHGWRIRFXVRQ ( )
$2
1,56
29P   LQWKHUHVWRIWKLVSDSHURQWKHEDVLVRI WKH
QRQUHSURGXFLELOLW\RI)’6DW,2WKHDEVHQFHRIH[SHFWHGORFDOGLIIHUHQFHVEHWZHHQ
DFWLYH DQG LQDFWLYH PXVFOHV GXULQJ H[HUFLVH DQG D VXEVWDQWLDOO\ ORZHU FRHIILFLHQW RI
YDULDQFHIRU ( )
$2
1,56
29P  FRPSDUHGZLWK ( )
92
1,56
29P  WKDWZDVIRXQG
LQDQRWKHUVWXG\XQSXEOLVKHGGDWDWKDWZHSHUIRUPHG


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Table 3. 2OVm   values measured by NIRS during arterial occlusion vs. venous occlusion 
     
  ( )AONIRS2OVm  , ( )VONIRS2OVm  ,  
  
mlO2⋅min-1⋅100g-1 mlO2⋅min-1⋅100g-1 P value 
      
Rest FDS IO35 0.11 ± 0.03    
      
 FDS IO50 0.09 ± 0.03 0.08 ± 0.04 NS P = 0.04 
      
 BR IO35 0.13 ± 0.05 0.14 ± 0.10 NS P = 0.51 
      
      
Exercise FDS IO35 0.58 ± 0.27 0.21 ± 0.12 ** P < 0.01 
      
 FDS IO50 0.55 ± 0.22 0.19 ± 0.10 ** P < 0.01 
      
 BR IO35 0.20 ± 0.09 0.24 ± 0.21 NS P = 0.30 
      
Values are means ± SD; n = 22 for FDS IO35; n = 26 for FDS IO50 and BR IO35. No P value was 
calculated for FDS IO35 at rest because ( )VONIRS2OVm   was not reproducible. ( )AONIRS2OVm  , 2OVm   
measured by arterial occlusion. To protect against a type I error, an α of 0.01 was chosen, **P ≤ 0.01. 

Influence of depth 
7KH ( )
$2
1,56
29P   DW UHVWZDV VLJQLILFDQWO\ ORZHU3≤ LQ WKHGHHSHU UHJLRQRI WKH
)’6 ,2 FRPSDUHG ZLWK WKH VXSHUILFLDO UHJLRQ ,2 7DEOH  )URP UHVW WR ORZ
LQWHQVLW\ H[HUFLVH DW  09& ( )
$2
1,56
29P   LQFUHDVHG PRUH WKDQ ILYH WLPHV
LQGHSHQGHQWRIWKHPHDVXUHPHQWGHSWK)LJ7KLVLQFUHDVHGXULQJH[HUFLVHZDVKLJKO\
VLJQLILFDQW IRU ERWK GHSWKV 3≤ 1R VLJQLILFDQW GLIIHUHQFH 3  ZDV IRXQG
EHWZHHQ,2DQG,2GXULQJH[HUFLVH
7KH KLJKHU ( )
$2
1,56
29P   DW ,2 FRPSDUHG ZLWK ,2 ZDV DFFRPSDQLHG E\ D
VLJQLILFDQWO\ KLJKHU )%)1,56 DW ,2 DV FRPSDUHG ZLWK ,2 7DEOH  )URP UHVW WR
H[HUFLVH)%)1,56LQFUHDVHGVLJQLILFDQWO\3≤DWERWKGHSWKVWLPHVEXWGLGQRW
PDWFKWKHILYHIROGLQFUHDVHLQ

29P  7KHGLIIHUHQFHLQ)%)1,56EHWZHHQ,2DQG,2
IRXQGDWUHVWZDVVWLOOSUHVHQWGXULQJH[HUFLVH3≤

Influence of place  
1RVLJQLILFDQWGLIIHUHQFHLQ ( )
$2
1,56
29P  ZDVIRXQGEHWZHHQ)’6DQG%5DWUHVW7DEOH
’XULQJ H[HUFLVH DW 09& ( )
$2
1,56
29P   LQ WKH%5 LQFUHDVHG VLJQLILFDQWO\ 3≤
ZLWKDIDFWRURIEXWGLGQRWPDWFKWKHLQFUHDVHLQWKH)’6)LJ7KLVUHVXOWHG
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LQ D VLJQLILFDQWO\ KLJKHU 3≤  FRQVXPSWLRQ GXULQJ H[HUFLVH LQ WKH )’6 FRPSDUHG
ZLWKWKHFRQVXPSWLRQLQWKH%5
$OWKRXJKQRGLIIHUHQFH LQUHVWLQJ

29P  ZDVIRXQGEHWZHHQERWKPXVFOHV)%)1,56
ZDVVLJQLILFDQWO\KLJKHU LQ WKH%53≤FRPSDUHGZLWK WKH)’6$W WKH WUDQVLWLRQ
IURPUHVWWRH[HUFLVH)%)1,56LQFUHDVHGVLJQLILFDQWO\3≤LQERWKPXVFOHVDQGWKH
UHODWLYHLQFUHDVHZDVWKHVDPHIRUERWKPXVFOHV

Comparison Fick and NIRS method 
2OVm  DWUHVWZDVVLJQLILFDQWO\KLJKHU3≤IRUWKH)LFNPHWKRGFRPSDUHGZLWKWKH
1,56 PHDVXUHPHQW DW )’6 ,2 7DEOH  ’XULQJ H[HUFLVH 29P   RI ERWK PHWKRGV
LQFUHDVHG EXW WKH LQFUHDVH LQ ( )
$2
1,56
29P   ZDV PXFK ODUJHU WKDQ WKH LQFUHDVH LQ
( ))LFN29P  DQGUHVXOWHGLQDVLJQLILFDQWO\KLJKHU3≤ ( )
$2
1,56
29P  
7KHEORRGIORZDWUHVWPHDVXUHGZLWKSOHWK\VPRJUDSK\ZDVPRUHWKDQWZLFH3≤
WKHIORZPHDVXUHGZLWK1,567DEOH)URPUHVWWRH[HUFLVHERWK)%)3OHWKDQG)%)1,56
LQFUHDVHG VLJQLILFDQWO\ ZLWK D IDFWRU RI  DQG WKH GLIIHUHQFH EHWZHHQ )%)1,56 DQG
)%)3OHWKWKDWZDVIRXQGDWUHVWZDVWKHUHIRUHPDLQWDLQHGGXULQJH[HUFLVH3≤

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Fig. 2. Average and SD for NIRS 2OVm   vs. NIRS FBF showing an increased 2OVm   in 
the active flexor digitorum superficialis muscle (FDS) during isometric handgrip exercise 
with interoptode distances of 35 and 50 mm (IO35 and IO50, respectively) compared with 
the relative inactive brachioradialis muscle (BR). Circles represents resting values, and 
triangles represents values during exercise. Significant differences are shown in Table 4. 
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
Table 4. 2OVm   and FBF values at rest and during sustained isometric handgrip exercise at 10% 
maximum voluntary contraction 
   
 2OVm  , mlO2⋅min
-1
⋅100g-1 FBF, ml⋅min-1⋅100ml-1 
 Rest Exercise Rest Exercise 
     
NIRS FDS IO35 0.11 ± 0.03 0.59 ± 0.27 † 0.72 ± 0.32 0.98 ± 0.46 † 
     
NIRS FDS IO50 0.09 ± 0.03 * 0.55 ± 0.22 † 0.57 ± 0.26 * 0.81 ± 0.47 *, † 
NIRS BR IO35 0.13 ± 0.05 0.20 ± 0.09 *, † 1.42 ± 1.04 * 2.18 ± 1.98 *, † 
Fick/pleth. 0.15 ± 0.06 * 0.30 ± 0.12 *, † 2.06 ± 0.70 * 2.98 ± 1.26 *, † 
Values are means ± SD. *Significantly different (P ≤ 0.01) from FDS IO35; †significant difference 
(P ≤ 0.01), rest vs. exercise. 

DISCUSSION 
7KLV VWXG\ZDV SHUIRUPHG WR LQYHVWLJDWH WKH SHUIRUPDQFHRI1,56 IRU WKH TXDQWLWDWLYH
PHDVXUHPHQWRIORFDOPXVFOHR[\JHQFRQVXPSWLRQDQGEORRGIORZLQWKHKXPDQIRUHDUP
7ZRLQGHSHQGHQWO\RSHUDWLQJLGHQWLFDO1,56V\VWHPVZHUHXVHGVLPXOWDQHRXVO\ WRVWXG\
ORFDOGLIIHUHQFHVEDVHGRQWKHDFWLYLW\OHYHORIWKHPXVFOHDVZHOODVRQWKHPHDVXUHPHQW
GHSWK)XUWKHUPRUH ORFDOGLIIHUHQFHVZHUHFRPSDUHGZLWKWKHPRUHHVWDEOLVKHG WKRXJK
JOREDO)LFNPHWKRG

Methodological considerations 
%HFDXVH WKH SHQHWUDWLRQ GHSWK RI WKH QHDULQIUDUHG OLJKW LV OLPLWHG WR URXJKO\ KDOI WKH
GLVWDQFH EHWZHHQ VRXUFH DQG GHWHFWRU $77 FDQ EH D VXEVWDQWLDO FRQIRXQGHU LQ WKH
PHDVXUHPHQW RI PXVFOH R[\JHQDWLRQ >%LQ]RQL HW DO  +RPPD HW DO E
0DWVXVKLWD HW DO  <DPDPRWR HW DO @ +RZHYHU LQ WKLV VWXG\ WKHUH ZDV QR
FRUUHODWLRQEHWZHHQ$77DQG

29P  DQGWKHUHVXOWVDUHWKHUHIRUHQRWELDVHGE\$77
7KLVLVSUREDEO\GXHWRWKHUHODWLYHO\QDUURZUDQJHRIORZYDOXHVWKDWZHIRXQGIRU$77
LQRXUVXEMHFWJURXS7DEOH$OWKRXJKZHGLGQRWILQGDFRUUHODWLRQEHWZHHQ$77DQG

29P  PHDVXUHPHQWV WKH LQGLYLGXDOGLIIHUHQFHV LQ$77PLJKWKDYH LQFUHDVHG WRVRPH
H[WHQWWKHYDULDELOLW\ZLWKLQWKHJURXS
1,56 LV XQDEOH WRGLVWLQJXLVK EHWZHHQ FKDQJHV LQ2+EDQG20ERU LQ++EDQG
+0E EHFDXVH RI LGHQWLFDO DEVRUSWLRQ VSHFWUD RI +E DQG 0E $OWKRXJK WKHUH LV QR
FRQVHQVXV \HW DERXWZKHWKHU WKH1,56 VLJQDORULJLQDWHV IURP+E >6HL\DPDHW DO 
:DQJ HW DO @ RU0E >0ROH HW DO  7UDQ HW DO @ WKLV GRHV QRW DIIHFW RXU
UHVXOWVVLQFHZHZHUHLQWHUHVWHGLQWKHDPRXQWRI2FRQVXPHGLQGHSHQGHQWO\ZKHWKHULW
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FDPH IURP +E RU 0E )XUWKHUPRUH ZH WKLQN WKDW VXEVWDQWLDO GHVDWXUDWLRQ RI 0E LV
QHJOLJLEOHLQRXUVWXG\EHFDXVHWKHZRUNORDGWKDWZHXVHGZDVRQO\09&
7KH ’3) IRU VNHOHWDO PXVFOH KDV EHHQ PHDVXUHG E\ VHYHUDO LQYHVWLJDWRUV XQGHU
GLIIHUHQWFRQGLWLRQVDQGXVLQJGLIIHUHQWLQVWUXPHQWDWLRQ>’HOS\HWDO’XQFDQHWDO
(VVHQSUHLV HW DO  )HUUDUL HW DO  YDQ GHU=HH HW DO @ 7KH DYHUDJH
YDOXHVIRXQGIRU’3)LQWKHKXPDQIRUHDUPOLHEHWZHHQDQG:HKDYHFKRVHQD
’3) RI  EHFDXVH WKLV UHIOHFWV URXJKO\ WKHPHDQ YDOXH %HFDXVHZH FKRVH RQH’3)
YDOXH IRU WKHFRPSOHWH JURXS WKH LQWHULQGLYLGXDOYDULDWLRQSUREDEO\ LQFUHDVHGZLWK


Reproducibility of NIRS measurements 
2[\JHQFRQVXPSWLRQ
( )
92
1,56
29P   ZDV QRW XQLIRUPO\ UHSURGXFLEOH RYHU WKH WKUHH FRQVHFXWLYH YHQRXV
RFFOXVLRQVEHFDXVH

29P  DSSHDUHGWRGHFUHDVHRYHUWLPHZKHQPHDVXUHGUHSHDWHGO\DW
)’6,2:HGLGQRWH[SHFWWRILQGGLIIHUHQFHVEHWZHHQWKHWKUHHRFFOXVLRQVDQGKDYH
WKUHHSRVVLEOHH[SODQDWLRQVIRUWKLVQRQUHSURGXFLELOLW\7KHILUVWRQHFRQFHUQVWHFKQLFDO
FRQGLWLRQV RI WKH SURWRFRO WKH VHFRQG D FKDQJH RI SK\VLRORJLFDO YDULDEOHV GXULQJ WKH
RFFOXVLRQ DQG WKH WKLUG WKH 1,56 PHWKRG GXULQJ YHQRXV RFFOXVLRQ EHLQJ QRW VWDEOH
HQRXJKWRSURYLGHDUHOLDEOH

29P  YDOXH
&RQFHUQLQJ WKH FKRVHQ SURWRFRO YDULDEOHV LW LV RXU RSLQLRQ WKDW WKHUH ZHUH QR
GLIIHUHQFHV DPRQJ WKH WKUHH RFFOXVLRQV JLYHQ WKDWZH DSSOLHG WKH RFFOXVLRQV DW GLVWLQFW
WLPHSHULRGV DQG DOOZLWK WKH VDPHGXUDWLRQ IRUERWKRFFOXVLRQ DQG UHFRYHU\7KHQRQ
UHSURGXFLELOLW\ZDVQRWFDXVHGE\DQLQVXIILFLHQWUHFRYHU\WLPHEHWZHHQWKHGHWHUPLQDWLRQ
RI WKH 09& IRUFH DQG WKH ILUVW YHQRXV RFFOXVLRQ HLWKHU EHFDXVH WKLV HIIHFW ZDV QRW
SUHVHQWLQWKHRWKHUPHDVXUHPHQWVWKDWZHUHVLPXOWDQHRXVO\SHUIRUPHG
3K\VLRORJLFDOFKDQJHV DIIHFWLQJRSWLFDOSURSHUWLHVRI WKH WLVVXHFDXVHGE\ WKHYHQRXV
RFFOXVLRQ LWVHOI DUHQRW YHU\ OLNHO\ VLQFHPLQRUGHFUHDVH RI WKHRSWLFDOSDWKOHQJWK
KDV EHHQ GHWHFWHG DIWHU  PLQ RI YHQRXV RFFOXVLRQ >)HUUDUL HW DO @ ZKHUHDV ZH
DSSOLHGRQO\VRIRFFOXVLRQ
9HQRXVRFFOXVLRQKDVUHFHQWO\EHHQXVHGWRFDOFXODWH

29P  E\XVHRI1,56>’H%ODVL
HW DO ’H %ODVL HW DO +RPPD HW DO D@ 7KLVPHWKRG LV WKRXJKW WR EH
SUHIHUDEOHWRDUWHULDORFFOXVLRQEHFDXVHWKHSURFHGXUHLVOHVVLQFRQYHQLHQWIRUWKHVXEMHFW
DQGFDQEH UHSHDWHGDW VKRUW WLPH LQWHUYDOV>’H%ODVL HW DO +RPPDHW DO D@
+RZHYHUYHQRXVRFFOXVLRQLVDOVRPRUHSURQHWRHYHURFFXUULQJYDULDWLRQVLQIORZZLWKLQ
WKH DUP GXH WR FKDQJHV LQ EORRG SUHVVXUH DQG ORFDO YDVRUHDFWLYLW\ ZKHUHDV WKHVH
LQIOXHQFHV DUH QHJOLJLEOH GXULQJ DUWHULDO RFFOXVLRQ EHFDXVH RI WKH FORVHG FRPSDUWPHQW
WHPSRUDULO\FXWRIIIURPFHQWUDOO\PHGLDWHGYDULDWLRQV7KHDUWHULDORFFOXVLRQPHWKRGWR
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GHWHUPLQH1,56

29P  PHDVXUHPHQWVSURYHGWREHUHSURGXFLEOH>&ROLHUHWDO@EXW
QRGDWDDERXWWKHUHSURGXFLELOLW\RI1,56

29P  PHDVXUHPHQWGXULQJYHQRXVRFFOXVLRQ
DUHDYDLODEOH
7KH UHODWLYH YDULDELOLW\ ZLWKLQ RXU JURXS ZKHQ ORRNLQJ DW WKH 6’ LQ UHODWLRQ WR WKH
PHDQZDV FRQVLVWHQWO\KLJKHU IRU ( )
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1,56
29P   FRPSDUHGZLWK ( )
$2
1,56
29P   ERWK DW
UHVWDQGGXULQJH[HUFLVH7DEOH,QDQXQSXEOLVKHGVWXG\WKDWZHSHUIRUPHGLQKHDOWK\
VXEMHFWVQ LWZDVIRXQGWKDWWKHDUWHULDORFFOXVLRQPHWKRGKDGDVXEVWDQWLDOO\ORZHU
FRHIILFLHQW RI YDULDQFH  WKDQ WKH YHQRXV RFFOXVLRQ PHWKRG  ZKLOH WKH
DEVROXWH YDOXHV ZHUH URXJKO\ WKH VDPH FRPSDUHG ZLWK WKLV VWXG\ 0RUHRYHU QR
GLIIHUHQFHVZHUHIRXQGEHWZHHQWKHDFWLYH)’6DQGWKHLQDFWLYH%5PXVFOHGXULQJORZ
LQWHQVLW\ ZRUN ZKHUHDV GLIIHUHQWLDWLRQ LQ R[\JHQDWLRQ SDWWHUQ ZDV H[SHFWHG EDVHG RQ
HOHPHQWDU\SK\VLRORJLFDOSULQFLSOHVRIDJRQLVWLFDQGV\QHUJLVWLFPXVFOHV2QWKHEDVLVRI
WKHDERYHPHQWLRQHGSRLQWVDQGWKHODFNRIGDWDIURPWKHOLWHUDWXUHZHKDYHWRFRQFOXGH
WKDW WKH YHQRXV RFFOXVLRQ PHWKRG GRHV QRW SURYLGH D UHOLDEOH TXDQWLWDWLYH YDOXH IRU

29P  

)RUHDUPEORRGIORZ
7KH UHSURGXFLELOLW\ IRU WKH PHDVXUHPHQW RI IRUHDUP EORRG IORZ REWDLQHG ERWK E\
SOHWK\VPRJUDSK\ )%)3OHWK DQG E\1,56 GXULQJ YHQRXV RFFOXVLRQ )%)1,56ZDV JRRG
7DEOH$OWKRXJKZHIRXQGDKLJKHUFRHIILFLHQWRIYDULDWLRQRXUUHVXOWVDUHVXSSRUWHG
E\’H%ODVLHWDO>’H%ODVLHWDO@ZKRVWXGLHGWKHUHSURGXFLELOLW\RI)%)1,567KH\
DSSOLHG WKUHH WR ILYH UHSHWLWLYH YHQRXV RFFOXVLRQV ZLWK D V LQWHUYDO EHWZHHQ HDFK
PHDVXUHPHQWDQGIRXQGDFRHIILFLHQWRIYDULDQFHRI±IRU)%)1,56DQG±
 IRU )%)3OHWK 7KHUHIRUH ZH FRQFOXGH WKDW )%)1,56 LV D YDOLG PHWKRG WRPHDVXUH
ORFDOIORZ

Influence of depth ( ( )AONIRS2OVm   and FBFNIRS) 
7DEOHVKRZVDFRQVLVWHQWGLIIHUHQFHEHWZHHQERWKGHSWKVSUHVHQWLQERWK

29P  DQG
)%)DWUHVWDQGLQ)%)GXULQJH[HUFLVH’XULQJUHVW

29P  DQG)%)ZHUHVOLJKWO\KLJKHU
3≤LQWKHVXSHUILFLDOUHJLRQRIWKH)’6FRPSDUHGZLWKWKHGHHSHUUHJLRQ

29P  
GXULQJH[HUFLVHLQFUHDVHGPRUHWKDQILYHIROGIRUERWKPHDVXUHPHQWVDQGWKLVHOLPLQDWHG
WKHGLIIHUHQFHLQ

29P  EHWZHHQVXSHUILFLDODQGGHHS7KHGLIIHUHQFHEHWZHHQVXSHUILFLDO
IORZ DQG GHHS IORZ WKDW ZDV SUHVHQW DW UHVW ZDVPDLQWDLQHG GXULQJ H[HUFLVH 7KH IORZ
LQFUHDVHZDVWKHVDPHIRUERWKGHSWKVEXWIORZGLGQRWLQFUHDVHZLWKWKHVDPHIDFWRUDV
WKH

29P  7KHKLJKGHPDQGIRU2PXVWWKHUHIRUHEHSDUWO\PHWE\DQLQFUHDVHRI2
H[WUDFWLRQIURPWKHEORRG
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7KHUHDVRQIRUWKHGLIIHUHQFHLQ2FRQVXPSWLRQDWUHVWLQUHODWLRQWRWKHGHSWKRIWKH
PHDVXUHPHQW LV XQFOHDU ,W PLJKW EH UHODWHG WR ORFDO DQGRU WHPSRUDU\ GLIIHUHQFHV LQ
UHODWLRQWRWKHDFWLYLW\OHYHORIWKDWVSHFLILFSDUWRIWKHPXVFOH

Influence of place ( ( )AONIRS2OVm   and FBFNIRS) 
&RQFHUQLQJ WKH PHDVXUHPHQW SODFH QR VLJQLILFDQW GLIIHUHQFH ZDV IRXQG LQ

29P  
EHWZHHQ)’6DQG%5DWUHVW$WWKHWUDQVLWLRQIURPUHVWWRH[HUFLVH

29P  LQWKH%5GLG
QRW LQFUHDVH DV PXFK DV WKDW LQ WKH )’6 $OWKRXJK WKLV GLIIHUHQFH LQ

29P   GXULQJ
H[HUFLVHZDV H[SHFWHG EHFDXVH ZH ORFDOLVHG WKH )’6 DV WKHPRVW DFWLYHPXVFOH GXULQJ
KDQGJULS H[HUFLVH XQSXEOLVKHG FKDQQHO VXUIDFH HOHFWURP\RJUDP GDWD DQG EHFDXVH
WKHIXQFWLRQRIWKH%5LVQRWGLUHFWO\UHODWHGWRKDQGJULSH[HUFLVHLWLVWKHILUVWWLPHWKDW
WKHVH ORFDO GLIIHUHQFHV LQ

29P   DUH DFWXDOO\ TXDQWLILHG7KH IORZ LQFUHDVHZDV URXJKO\
WKH VDPH IRU ERWKPXVFOHV ,Q WKH FDVH RI WKH %5 WKH LQFUHDVH LQ2 FRQVXPSWLRQ LV
HTXDOO\PDWFKHGE\DQLQFUHDVHLQGHOLYHU\$SRVVLEOHH[SODQDWLRQIRUWKHODJLQGHOLYHU\
LQUHODWLRQWRWKHFRQVXPSWLRQLQWKH)’6PLJKWEHDQLPSDLUHGIORZZLWKLQWKHPXVFOH
GXH WR WKH LQFUHDVHG LQWUDPXVFXODU SUHVVXUH HQIRUFHG E\ WKH FRQWUDFWLQJ PXVFOH ,W LV
NQRZQWKDWWKHFDSLOODULHVZLWKLQWKHH[HUFLVLQJPXVFOHZLOOEHFRPSUHVVHGZKHQH[HUFLVH
H[FHHGV09&ZKLFKZLOO OHDG WRREVWUXFWLRQRI WKHEORRGIORZ>%DUFURIWHWDO
.DKQHWDO/LQGHWDOE@7KHVHILQGLQJVKRZHYHUJLYHDQHVWLPDWLRQRI
WKHIORZLQWKHWRWDOOLPEZKHUHDV1,56LVIRFXVVHGRQWKHORFDOIORZZLWKLQRQHPXVFOH
,IWKHIORZLQWKHWRWDODUPEHFRPHVREVWUXFWHGDW09&LWPLJKWEHUHDVRQDEOH
WR DVVXPH WKDW WKH ORFDO IORZ LQ WKH DFWLYH PXVFOH ZLOO EH LPSHGHG DW ORZHU ZRUN
LQWHQVLWLHV7KLVLVVXSSRUWHGE\%DUFURIW	0LOOHQ>%DUFURIWHWDO@ZKRK\SRWKHVLVHG
WKDW LVFKHPLD DQG K\SHUDHPLD PLJKW ERWK EH SUHVHQW LQ WKH OLPE DV D UHVXOW RI
FRQVLGHUDEOHGLIIHUHQFHVLQFRQWUDFWLRQVWUHQJWKIURPRQHPXVFOHWRDQRWKHU

Comparison of Fick and NIRS arterial occlusion methods 
$FFRUGLQJWR7DEOHZHIRXQGDFRQVLVWHQWGLIIHUHQFHEHWZHHQERWKPHWKRGVSUHVHQWLQ
ERWK

29P  DQG)%)’XULQJUHVW

29P  DQG)%)ZHUHKLJKHUDFFRUGLQJWRWKH)LFN
PHWKRGFRPSDUHGZLWKWKH1,56PHDVXUHPHQWV)%)3OHWKGXULQJH[HUFLVHZDVDOVRKLJKHU
WKDQ)%)1,567KHGLIIHUHQFHLQ 29P  EHWZHHQERWKPHWKRGVUHYHUVHGGXULQJH[HUFLVH
UHVXOWLQJLQDKLJK

29P  PHDVXUHGE\1,56$VIRUWKHORFDO

29P  PHDVXUHGE\1,56
)’6LWPLJKWEHH[SHFWHGWRILQGDKLJKHUYDOXHGXULQJH[HUFLVHDVFRPSDUHGZLWKWKH
)LFN PHWKRG EHFDXVH WKH )LFN PHWKRG ZLOO UHIOHFW DQ DYHUDJH YDOXH RI

29P   LQ WKH
IRUHDUP7KHH[HUFLVHSHUIRUPHGZDVORZLQWHQVLW\ZRUNDQGZDVPDLQO\JHQHUDWHGE\WKH
)’6PXVFOH SUREDEO\ ZLWKRXW PXFK VXSSRUW IURP RWKHU IRUHDUPPXVFOHV 7KHUHIRUH
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ORFDO

29P  FDQLQFUHDVHPRUHWKDQILYHIROGZKHUHDVWKHLQFUHDVHRI

29P  LQWKHWRWDO
IRUHDUPLVRQO\WZRIROG
7KHORZHU1,56

29P  DWUHVWFRPSDUHGZLWK)LFN

29P  LVOHVVFOHDU2QWKHEDVLV
RI WKH K\SRWKHVLV RI ORFDO YV JOREDO PHDVXUHPHQW QR GLIIHUHQFH LQ UHVWLQJ

29P  
EHWZHHQERWKPHWKRGVZDVH[SHFWHG,WLPSOLHVDKLJKHU

29P  HOVHZKHUHLQWKHIRUHDUP
EXWZHGLGQRWILQGWKLVKLJKHU

29P   LQHLWKHUWKHGHHSHUUHJLRQRIWKH)’6RULQWKH
%57KLVKLJKHU

29P  ZLOOSUREDEO\QRWEHHQIRXQGLQVNLQWLVVXHRUERQHWLVVXHHLWKHU
7KHUHIRUHZHFRQFOXGHWKDWWKHGLIIHUHQFHEHWZHHQ1,56DQG)LFNLVQRWSK\VLRORJLFDO
EXWPXVWKDYHLWVRULJLQVRPHZKHUHHOVH$PHWKRGRORJLFDOH[SODQDWLRQPLJKWEHIRXQGLQ
D V\VWHPDWLFGLVFUHSDQF\EHWZHHQ)%)SOHWK DQG)%)1,56)%)SOHWK WULSOHV WKH IORZ WKDW LV
PHDVXUHGZLWK1,567KLVGLIIHUHQFHZDVERWKSUHVHQWDWUHVWDQGGXULQJH[HUFLVH2XU
YDOXHV IRU EORRG IORZ REWDLQHG E\ SOHWK\VPRJUDSK\ ZHUH FRPSDUDEOH ZLWK SUHYLRXV
REVHUYDWLRQVRIEORRGIORZLQUHVWLQJPXVFOH>’H%ODVLHWDO(GZDUGVHWDO
-RUIHOGW HW DO 0RWWUDP  3DOODUHV HW DO :LWQH\ @ 7KH GLVFUHSDQF\
WKDWZHIRXQGEHWZHHQ)%)SOHWKDQG)%)1,56LVLQDJUHHPHQWZLWK’H%ODVLHWDO>’H%ODVL
HWDO@ZKRIRXQGWKDW)%)SOHWKZDVDOPRVWWZLFHDVKLJKDV)%)1,56PHDVXUHGRQWRS
RIWKHEUDFKLRUDGLDOLVPXVFOHZKLOHFRUUHODWLRQEHWZHHQERWKPHWKRGVZDVJRRG
9DULDWLRQVLQIORZPHDVXUHPHQWVPLJKWEHGXHWRDKHWHURJHQHRXVGLVWULEXWLRQRIIORZ
>(GZDUGV HW DO @ RU IOXFWXDWLRQV RI EORRG IORZRYHU WLPH EXW WKHUH DUH DOVR VRPH
PHWKRGRORJLFDOGLIIHUHQFHVEHWZHHQSOHWK\VPRJUDSK\DQG1,563OHWK\VPRJUDSKLFIORZ
UHIOHFWVWKHWRWDOIORZRIWKHIRUHDUP$SDUWIURPEORRGIORZLQJWKURXJKVNHOHWDOPXVFOH
LWFRQWDLQVEORRGFRPLQJIURPFXWDQHRXVWLVVXHVERQHDQGWHQGRQVDQGPLJKWWKXVOHDG
WRDKLJKHU)%)3OHWK1,56IORZUHIOHFWVRQO\WKHORFDOIORZLQWKH1,56UHJLRQRILQWHUHVW
)XUWKHUPRUH1,56LVOLPLWHGWRPRQLWRULQJFDSLOODULHVWKDWKDYHDGLDPHWHUVPDOOHUWKDQ
DSSUR[LPDWHO\PPEHFDXVHRI WKHDEVRUSWLRQRI OLJKW LQYHVVHOVZLWK ODUJHUGLDPHWHUV
>0DQFLQLHWDOE@’XULQJUHVWRQO\SDUWRIWKHFDSLOODULHVDUHSHUIXVHGDQGPRVWRI
WKH EORRG IORZV WKURXJK PHWDUWHULROHV RU DUWHULRYHQRXV DQDVWRPRVHV 7KLV EORRG ZLOO
E\SDVVWKHFDSLOODULHVRQLWVZD\IURPWKHDUWHULDOWRWKHYHQRXVVLGHRIWKHFLUFXODWLRQDQG
ZLOORQO\SDUWO\FRQWULEXWHWRWKH1,56VLJQDO&RPSDUHGWR)%)3OHWKWKH)%)1,56ZLOOEH
XQGHUHVWLPDWHGDQG WKH

29P   FDOFXODWHG IURP)LFNZLOOEHRYHUHVWLPDWHG ,QDGGLWLRQ
GXHWRWKH ORZHUKDHPDWRFULW LQFDSLOODULHV WKH)%)1,56ZLOODOVREHXQGHUHVWLPDWHG>’H
%ODVLHWDO/HHQGHUVHWDO@

Overall 
2YHUDOOZHVHHWKDWDWWKHWUDQVLWLRQIURPUHVWWRVXVWDLQHGLVRPHWULFKDQGJULSH[HUFLVHDW
DZRUNORDGRI09&WKHEORRGIORZLQFUHDVHGKRPRJHQHRXVO\GHVSLWHWKHGLIIHUHQFH
LQIORZEHWZHHQGLIIHUHQWPXVFOHVDQGEHWZHHQGLIIHUHQWPHWKRGV7KLVLVQRWWKHFDVHIRU
R[\JHQFRQVXPSWLRQEHFDXVHWKHLQFUHDVHGXULQJH[HUFLVHGHSHQGVRQWKHPXVFOHWKDWLV
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PRQLWRUHGDVZHOODVRQWKHPHWKRGXVHG/RFDOR[\JHQFRQVXPSWLRQLVKLJKLQWKHDFWLYH
PXVFOHDQGPXFK ORZHU LQWKHUHODWLYH LQDFWLYHPXVFOH7KLV LV LQDFFRUGDQFHZLWKEDVLF
H[HUFLVHSK\VLRORJ\DQG LVGLUHFWO\DQGQRQLQYDVLYHO\GHWHFWDEOHE\1,567KHYDOXH IRU

29P   DVPHDVXUHGE\ WKHFRPELQDWLRQRIEORRGVDPSOHV32;DQGSOHWK\VPRJUDSK\
OLHV LQ EHWZHHQ WKH FRQVXPSWLRQ YDOXH RI WKH DFWLYH DQG LQDFWLYH PXVFOH WKDW ZH
PHDVXUHG7KLVLVLQDJUHHPHQWZLWKWKHDVVXPSWLRQWKDWWKH)LFNPHWKRGUHSUHVHQWVWKH
DYHUDJH YDOXH IRU R[\JHQ FRQVXPSWLRQ LQ WKH WRWDO IRUHDUP DV GHWHUPLQHG E\ EORRG
VDPSOLQJIURPPL[HGYHQRXVEORRGDQGWKHPHDVXUHPHQWRIWRWDOEORRGIORZ
7KHLQFUHDVHLQ)%)DWWKHWUDQVLWLRQIURPUHVWWRORZLQWHQVLW\ZRUNZDVURXJKO\
ZKHUHDV WKH DYHUDJH )LFNPHWKRG LQFUHDVH LQ

29P   ZDV  7KXV WKH LQFUHDVH LQ
R[\JHQFRQVXPSWLRQZDVKLJKHUWKDQWKHLQFUHDVHLQIORZDQGDSSDUHQWO\WKHLQFUHDVHG
GHPDQGIRUR[\JHQLVPHWE\DQLQFUHDVHLQH[WUDFWLRQRI2IURPWKHEORRG:KHQZH
ORRNDWWKH1,56GDWDGXULQJH[HUFLVHLQWKH)’6DVFRPSDUHGZLWKWKH%5ZHVHHWKDWLQ
WKH DFWLYH )’6 WKH LQFUHDVHG GHPDQG IRU R[\JHQ LV PRVWO\ PHW E\ DQ LQFUHDVH LQ
H[WUDFWLRQ ZKHUHDV LQ WKH UHODWLYHO\ LQDFWLYH %5 LW LV DOPRVW FRPSOHWHO\ PHW E\ WKH
LQFUHDVHLQIORZ7KLVLVLQDJUHHPHQWZLWK’H%ODVLHWDO>’H%ODVLHWDO@ZKRDOVR
IRXQGDQLQFUHDVHLQ

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SHULRGRILVFKHPLFH[HUFLVH
,QFRQFOXVLRQ1,56LVDVXLWDEOHWRROWRJLYHQHZLQVLJKWLQWKHKHWHURJHQHLW\RIORFDO
PXVFOHPHWDEROLVP:HKDYHVKRZQWKDW1,56LVDEOHWRGLVFULPLQDWHEHWZHHQWKHUHVWLQJ
DQG H[HUFLVLQJ VWDWHV RI WKH PXVFOH :LWK WKH XVH RI WZR LQGHSHQGHQW VLPXOWDQHRXVO\
RSHUDWLQJ1,56 V\VWHPV WKH WHFKQLTXHDOVRGLVFULPLQDWHVEHWZHHQSK\VLFDOO\ DFWLYHDQG
OHVVDFWLYHPXVFOH2FRQVXPSWLRQPHDVXUHGE\WKHJOREDO)LFNPHWKRGGXULQJH[HUFLVH
OLHVLQEHWZHHQRXU1,56UHVXOWVPHDVXULQJORFDO2FRQVXPSWLRQLQWKHDFWLYH)’6DQG
WKHOHVVDFWLYH%5PXVFOH)XUWKHUPRUHLWLVVKRZQWKDWWKHLQFUHDVHLQEORRGIORZGXULQJ
H[HUFLVHLVPXFKPRUHKRPRJHQHRXVFRPSDUHGZLWKWKHORFDOLQFUHDVHLQ

29P  
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,QYLYRTXDQWLWDWLYHQHDULQIUDUHGVSHFWURVFRS\LQVNHOHWDO
PXVFOHGXULQJLQFUHPHQWDOLVRPHWULFKDQGJULSH[HUFLVH

9DQ%HHNYHOW0&39DQ(QJHOHQ%*0:HYHUV5$&ROLHU:1-0

&OLQ3K\VLROLQSUHVV

 
SUMMARY 
The aim of this study was to investigate the performance of in vivo 
quantitative near-infrared spectroscopy (NIRS) in skeletal muscle at 
various workloads. NIRS was used for the quantitative measurement of 
O2 consumption ( 2OVm  ) in the human flexor digitorum superficialis 
muscle at rest and during rhythmic isometric handgrip exercise in a 
broad range of work intensities (10-90% MVC = maximum voluntary 
contraction force). Six subjects were tested on three separate days. No 
significant differences were found in 2OVm   measured over different 
days with the exception of the highest workload. The within-subject 
variability for each workload over the three measurements days ranged 
from 15.7 - 25.6% and did not increase at the high workloads. 2OVm   
was 0.14 ± 0.01 mlO2⋅min-1⋅100g-1 at rest and increased roughly 19 
times to 2.68 ± 0.58 mlO2⋅min-1⋅100g-1 at 72% MVC. These results 
show that local muscle oxygen consumption at rest as well as during 
exercise at a broad range of work intensities can be measured reliably 
by NIRS, applied to a uniform selected subject population. This is of 
great importance since direct local measurement of 2OVm   during 
exercise is not possible with the conventional techniques. The method 
is robust enough to measure over separate days and at various 
workloads and can, therefore, contribute to a better understanding of 
human physiology in both the normal and pathological state of the 
muscle.  

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INTRODUCTION 
8QGHUVWDQGLQJ WKH PHFKDQLVPV RI ORFDO PXVFOH PHWDEROLVP DW UHVW DQG GXULQJ H[HUFLVH
GHSHQGVRQWKHDELOLW\WRREWDLQUHOLDEOHTXDQWLWDWLYHPHDVXUHPHQWVRIORFDOPXVFOHR[\JHQ
FRQVXPSWLRQ DQGEORRG IORZ7KH VWDQGDUG IRUPHDVXUHPHQWRI R[\JHQ FRQVXPSWLRQ LQ
DUPRUOHJLVWKHFRPELQDWLRQRIVWUDLQJDXJHSOHWK\VPRJUDSK\DQGEORRGJDVDQDO\VLVIRU
GHWHUPLQDWLRQRIEORRG IORZDQGDUWHULRYHQRXV2GLIIHUHQFH UHVSHFWLYHO\+RZHYHU WKH
YROXPHRI LQWHUHVW IRUERWK WHFKQLTXHV LV OLPLWHG WR WKH WRWDO OLPEDQG WLVVXHVRWKHU WKDQ
PXVFOH WLVVXH LQIOXHQFHPXVFOH R[\JHQ FRQVXPSWLRQ DQG EORRG IORZ %ORRG VDPSOLQJ LV
LQYDVLYH DQG UHTXLUHV D KLJK SUHFLVLRQ ZLWKLQ D VPDOO WLPH ZLQGRZ ZKLOH VWUDLQJDXJH
SOHWK\VPRJUDSK\LVLPSRVVLEOHGXULQJPRGHUDWHWRVWUHQXRXVH[HUFLVH
1HDULQIUDUHG VSHFWURVFRS\ 1,56 LV D QRQLQYDVLYH RSWLFDO PHWKRG WR GHWHUPLQH
R[\JHQDWLRQ DQG KDHPRG\QDPLFV LQ WKH WLVVXH $OWKRXJK WKH PHDVXUHPHQW GHSWK LV
UHVWULFWHG WR WKH RSWRGH VHWXS1,56 LV DEOH WRREWDLQ VLJQDOV ORFDOLVHG LQPXVFOH WLVVXH
8VLQJDPRGLILHG/DPEHUW%HHUODZDQGDVLPSOHSK\VLRORJLFDOLQWHUYHQWLRQLWLVSRVVLEOHWR
REWDLQ D TXDQWLWDWLYH YDOXH IRU PXVFOH R[\JHQ FRQVXPSWLRQ DQG EORRG IORZ 7KH
UHSURGXFLELOLW\RIIRUHDUPEORRGIORZDWUHVWXVLQJWKHYHQRXVRFFOXVLRQPHWKRGSURYHGWR
EHUHOLDEOHZLWKLQWKHWHVWVHVVLRQDOWKRXJKWKHPHDQYDOXHVRIWKHZLWKLQVXEMHFWYDULDELOLW\
YDULHGEHWZHHQ>’H%ODVLHWDO9DQ%HHNYHOWHWDOE9DQ%HHNYHOWHWDO
D@1,56EORRGIORZVKRZHGJRRGDJUHHPHQWZLWKVWUDLQJDXJHSOHWK\VPRJUDSK\>’H
%ODVL HW DO +RPPDHW DO D@ DOWKRXJK IORZPHDVXUHGE\SOHWK\VPRJUDSK\ZDV
JHQHUDOO\WZRWRWKUHHWLPHVKLJKHUWKDQ1,56IORZ>’H%ODVLHWDO9DQ%HHNYHOWHW
DOE@
1,56PXVFOHR[\JHQFRQVXPSWLRQ

29P  FDQEHPHDVXUHGGXULQJERWKYHQRXVDQG
DUWHULDO RFFOXVLRQ ,W KDV EHHQ VXJJHVWHG WKDW WKH YHQRXV RFFOXVLRQ PHWKRG LV WR EH
SUHIHUUHGRYHUWKHDUWHULDORFFOXVLRQPHWKRGEHFDXVHYHQRXVRFFOXVLRQLVOHVVLQFRQYHQLHQW
IRU WKH VXEMHFW WKH UHFRYHU\ LV PXFK IDVWHU DQG

29P   DQG IORZ FDQ EH PHDVXUHG
VLPXOWDQHRXVO\ +RZHYHU ZH VKRZHG WKDW

29P   IURP YHQRXV RFFOXVLRQ DSSHDUHG
XQUHOLDEOHZKHQUHSHDWHGVHYHUDO WLPHVZLWKLQRQHVHVVLRQ>9DQ%HHNYHOWHWDOE@,Q
DQRWKHUVWXG\ZHIRXQGDFRHIILFLHQWRIYDULDWLRQRI>9DQ%HHNYHOWHWDOD@IRU
UHVWLQJ

29P  GXULQJYHQRXVRFFOXVLRQZKLOHWKHFRHIILFLHQWRIYDULDWLRQZDVPXFKORZHU
 IRU WKH DUWHULDO RFFOXVLRQ PHWKRG 7KHUHIRUH LW LV RXU RSLQLRQ WKDW WKH DUWHULDO
RFFOXVLRQPHWKRGLVWREHSUHIHUUHGRYHUWKHYHQRXVRFFOXVLRQPHWKRGIRUWKHFDOFXODWLRQ
RI

29P  $OWKRXJK

29P  DWUHVWSURYHGWREHUHSURGXFLEOHZLWKLQRQHWHVWVHVVLRQ>9DQ
%HHNYHOWHWDOD@DQGEHWZHHQWHVWVHVVLRQV>.UDJHOMHWDO@QRGDWDDUHDYDLODEOH
FRQFHUQLQJ

29P   GXULQJ H[HUFLVH7KH DFFXUDF\ RI1,56

29P  PHDVXUHPHQWV DW UHVW
KDVEHHQDGGUHVVHG LQ DQHDUOLHU VWXG\ IURPRXUJURXSE\FRPSDULQJ1,56

29P  ZLWK

29P  YDOXHVREWDLQHGIURPWKHZHOOHVWDEOLVKHG)LFNPHWKRG>9DQ%HHNYHOWHWDOE@
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5HOLDEOHPHDVXUHPHQWVRI ORFDO

29P  GXULQJH[HUFLVHDUHRIJUHDW LPSRUWDQFHVLQFH WKLV
KDV QRW EHHQ SRVVLEOH ZLWK WKH VWDQGDUG PHWKRGV RI VWUDLQJDXJH SOHWK\VPRJUDSK\ DQG
EORRGJDVDQDO\VLV7KLVDOVRPHDQV WKDW WKHDFFXUDF\RI1,56

29P  FDQQRWEHVWXGLHG
GXULQJ H[HUFLVH$SDUW IURPPRUH LQVLJKW LQ ORFDO UHJXODWLRQRI WLVVXH R[\JHQDWLRQ DW WKH
FKDQJH IURP UHVW WR H[HUFLVH RU IURP ORZ WR VWUHQXRXV ZRUN LQWHQVLWLHV UHOLDEOH
PHDVXUHPHQWVGXULQJH[HUFLVHDUHLQGLVSHQVDEOHVLQFHVRPHGLVRUGHUVDUHQRWUHFRJQLVDEOH
DWUHVWDQGEHFRPHRQO\DSSDUHQWGXULQJH[HUFLVHHJPHWDEROLFPLWRFKRQGULDOP\RSDWKLHV
RUSHULSKHUDOYDVFXODUGLVHDVH

29P  XVLQJ DUWHULDO RFFOXVLRQ FDQ EH FDOFXODWHG IURP WKH UDWH RI GHFUHDVH LQ
R[\KDHPRJORELQ>&KHDWOHHWDO&ROLHUHWDO.UDJHOMHWDO9DQ%HHNYHOWHW
DO@RUIURPWKHUDWHRIGHFUHDVHLQ+EGLIIUHIOHFWLQJWKHGLIIHUHQFHEHWZHHQR[\DQG
GHR[\KDHPRJORELQ>+EGLII@ >2+E@>++E@>&KHDWOHHWDO’H%ODVLHWDO’H
%ODVLHWDO’H%ODVLHWDO9DQ%HHNYHOWHWDOD9DQ%HHNYHOWHWDOE@
7KH FDOFXODWLRQ RI

29P   IURP WKH UDWH RI GHFUHDVH LQ +EGLII LV WKRXJKW WR EH PRUH
DFFXUDWH WKDQ WKH FDOFXODWHG

29P   IURP R[\KDHPRJORELQ EXW WR RXU NQRZOHGJH QR
OLWHUDWXUHKDV\HWDGGUHVVHGWKLVLVVXH
7KH SXUSRVH RI WKLV VWXG\ ZDV WKHUHIRUH WR WHVW WKH WKH SUHFLVLRQ RI WKH 1,56
PHWKRG E\ VWXG\LQJ WKH GD\WRGD\ UHSURGXFLELOLW\ RI

29P   DW UHVW DQG DW YDULRXV
ZRUNORDGV RI LVRPHWULF KDQGJULS H[HUFLVH RQ WKUHH VHSDUDWHPHDVXUHPHQW GD\V DQG WR
FRPSDUH

29P  IURPDUWHULDORFFOXVLRQFDOFXODWHGIURPWKHUDWHRIGHFUHDVHLQ2+EDQG
WKDWIURPWKHUDWHRIGHFUHDVHLQ+EGLII:LWKUHSURGXFLEOH 29P  YDOXHVDWUHVWDQGGXULQJ
H[HUFLVH1,56 FDQ EH XVHG IRU GLUHFW LQYHVWLJDWLRQ RIPXVFOH R[\JHQ FRQVXPSWLRQ DQG
H[WHQGWKHFXUUHQWSRVVLELOLWLHVRIUHJLRQDOPHDVXUHPHQWVDWUHVWWRQHZSRVVLELOLWLHVRIORFDO
PHDVXUHPHQWVERWKDWUHVWDQGGXULQJH[HUFLVHDQGLQKHDOWKDQGGLVHDVH

MATERIALS AND METHODS 
Subjects 
6HYHQKHDOWK\YROXQWHHUV IHPDOHPDOHSDUWLFLSDWHG LQWKLVVWXG\7KH)DFXOW\(WKLFV
&RPPLWWHHDSSURYHG WKHVWXG\DQGDOO VXEMHFWVJDYH WKHLUZULWWHQ LQIRUPHGFRQVHQW7KH
DYHUDJH  6( FKDUDFWHULVWLFV RI WKH VXEMHFWVZHUH   \U LQ DJH   FP LQ
KHLJKWDQGNJLQZHLJKW6NLQIROGWKLFNQHVVZDVPHDVXUHGLQEHWZHHQWKH1,56
RSWRGHV XVLQJ D VNLQIROG FDOLSHU +ROWDLQ /WG &U\PP\FK 8. DQG GLYLGHG E\  WR
GHWHUPLQHWKHDGLSRVHWLVVXHWKLFNQHVV$77 IDWVNLQOD\HUFRYHULQJWKHPXVFOH$OO
VXEMHFWVZHUHULJKWKDQGHG

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Near-infrared Spectroscopy (NIRS) 
1,56LVEDVHGRQWKHUHODWLYHWLVVXHWUDQVSDUHQF\IRU OLJKW LQWKHQHDULQIUDUHGUHJLRQDQG
RQ WKH R[\JHQGHSHQGHQW DEVRUSWLRQ FKDQJHV RI KDHPRJORELQ DQG P\RJORELQ8VLQJ D
FRQWLQXRXVZDYH QHDULQIUDUHG VSHFWURSKRWRPHWHU 2[\PRQ %LRPHGLFDO (QJLQHHULQJ
’HSDUWPHQW8QLYHUVLW\RI1LMPHJHQ1/WKDWJHQHUDWHVOLJKWDWDQGQP>9DQ
GHU 6OXLMV HW DO @ LW LV SRVVLEOH WR GLIIHUHQWLDWH EHWZHHQ R[\ DQG
GHR[\KDHPRJORELQP\RJORELQ 2+E20E DQG++E+0E UHVSHFWLYHO\ ’XH WR WKH
RYHUODSRIWKHVSHFWUXPLWLVQRWSRVVLEOHWRGLVWLQJXLVKEHWZHHQFKDQJHVLQKDHPRJORELQ
DQG P\RJORELQ )RU FRQYHQLHQFH ERWK KHPRJORELQ DQG P\RJORELQ DUH UHIHUUHG WR DV
KHPRJORELQ LQ WKLV SDSHU $OWKRXJK WKHUH LV QR FRQVHQVXV \HW DERXWZKHWKHU WKH1,56
VLJQDORULJLQDWHV IURP+E>6HL\DPDHW DO @>&KDQFHHW DO :DQJHW DO @RU
IURPWKHFRPELQDWLRQRI+EDQG0E>+RRIG0ROHHWDO7UDQHWDO@WKLV
GRHV QRW DIIHFW RXU UHVXOWV VLQFH ZH ZHUH LQWHUHVWHG LQ WKH DPRXQW RI 2 FRQVXPHG
LQGHSHQGHQWO\ ZKHWKHU LW ZDV VXSSOLHG E\+E RU0E 7KH FKDQJHV LQ DEVRUSWLRQ DW WKH
GLVFUHWHZDYHOHQJWKVDUHFRQYHUWHGLQWRFRQFHQWUDWLRQFKDQJHVRI2+EDQG++EXVLQJD
PRGLILHG/DPEHUW%HHU ODZ LQZKLFK DSDWKOHQJWK IDFWRU LV LQFRUSRUDWHG  WR FRUUHFW IRU
VFDWWHULQJRISKRWRQVLQWKHWLVVXH>/LYHUDHWDO@7KHDYHUDJHYDOXHVIRXQGIRU’3)LQ
WKHKXPDQIRUHDUPOLHEHWZHHQDQG,QWKLVSDSHUZHKDYHXVHGDIL[HGYDOXHRI
VLQFHGLUHFWPHDVXUHPHQWRI WKH LQGLYLGXDO’3) LV LPSRVVLEOHXVLQJFRQWLQXRXVZDYH
VSHFWURSKRWRPHWHUV 1,56 PHDVXUHPHQWV ZHUH GRQH RQ WRS RI WKH IOH[RU GLJLWRUXP
VXSHUILFLDOLV PXVFOH )’6 ZLWK DQ LQWHURSWRGH GLVWDQFH RI PP ,Q RUGHU WR SUHYHQW
YDULDWLRQVLQSODFHPHQWRIWKHRSWRGHVDQGWRDYRLGRSHUDWRUHUURUVWKHDQJOHDQGSODFHRI
WKHRSWRGHVZHUHNHSWFRQVWDQWGXULQJWKHWHVWXVLQJDVSHFLDOVXSSRUWWKDWZDVDWWDFKHGWR
WKH VNLQ ZLWK DGKHVLYH VWLFNHUV :DWHUSURRI PDUNHUV RQ WKH DUP DYRLGHG YDULDWLRQ LQ
SODFHPHQWRYHUVHSDUDWHGD\V’DWDZHUHVDPSOHGDW+]GLVSOD\HGUHDOWLPHDQGVWRUHG
RQGLVNIRURIIOLQHDQDO\VLV

Forearm measurements 
0XVFOH R[\JHQ FRQVXPSWLRQ 

29P   ZDV PHDVXUHG E\ 1,56 HYDOXDWLQJ WKH UDWH RI
GHFUHDVH LQ >+EGLII@ GXULQJ DUWHULDO RFFOXVLRQ G+EGLIIGW +EGLII DOVR FDOOHG WKH
R[\JHQDWLRQLQGH[2,UHIOHFWVWKHGLIIHUHQFHEHWZHHQ2+EDQG++E>+EGLII@ >2+E@
>++E@ ,Q DGGLWLRQ

29P  ZDV FDOFXODWHG E\ HYDOXDWLQJ WKH UDWHRIGHFUHDVH LQ >2+E@
GXULQJ DUWHULDO RFFOXVLRQ G2+EGW 7KH LQLWLDO OLQHDU GHFUHDVH DIWHU WKH VWDUW RI
RFFOXVLRQZDVXVHG WR FDOFXODWH WKH UDWHRIGHFUHDVH LQ+EGLII DQG2+E7KH H[DFW WLPH
ZLQGRZWKDWZDVXVHGIRUFDOFXODWLRQRI

29P  YDULHGRYHUWKHGLIIHUHQWZRUNLQWHQVLWLHV
:KHUHDVWKHLQLWLDOGHFUHDVHLQ2+EDQG+EGLIIZDVOLQHDUIRUWKHIXOOVGXULQJUHVW LW
EHFDPHVKRUWHULQWLPHZKHQH[HUFLVHLQWHQVLW\LQFUHDVHG&RQFHQWUDWLRQFKDQJHVRI+EGLII
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DQG2+EZHUHH[SUHVVHG LQ0ˆVDQGFRQYHUWHG WRPO2⋅PLQ⋅J$YDOXHRI
NJ⋅/ZDVXVHGIRUPXVFOHGHQVLW\>9LHURUGW@

Protocol 
$OO VXEMHFWV FDPH EDFN WKUHH WLPHV RQ VHSDUDWH GD\V WR WHVW WKH UHSURGXFLELOLW\ RI1,56

29P  DWUHVWDQGGXULQJLVRPHWULFKDQGJULSH[HUFLVH$OOWKUHHWHVWVRIHDFKVXEMHFWZHUH
SHUIRUPHGRQWKHVDPHWLPHRIWKHGD\7KHVXEMHFWVDWLQDFRPIRUWDEOHFKDLUDQGWKHULJKW
KDQGUHVWHGRQDKDQGJULSG\QDPRPHWHUZLWKWKHXSSHUDUPDWKHDUWOHYHODQGWKHIRUHDUP
LQDQXSZDUGDQJOHRI°WRDYRLGYHQRXVSRROLQJRIWKHEORRG7KHDUPZDVVXSSRUWHGDW
WKH ZULVW DQG DERYH WKH HOERZ WR DYRLG FRQWDFW EHWZHHQ IRUHDUP DQG G\QDPRPHWHU
DVVXPLQJ FRPSOHWHO\ XQUHVWULFWHG FLUFXODWLRQ LQ WKH IRUHDUP 7KH VXEMHFW
V PD[LPXP
YROXQWDU\FRQWUDFWLRQ09&IRUFHZDVGHWHUPLQHGSULRUWRWKHWHVWDQGIROORZHGE\D
PLQUHFRYHU\SHULRGEHIRUHVWDUWLQJWKH WHVW$SQHXPDWLFFXIIZDVSODFHGDURXQGWKH
XSSHUDUPDQGZDVXVHGWRDSSO\DUWHULDORFFOXVLRQGXULQJWKHWHVW
$IWHU SODFHPHQW RI WKH LQVWUXPHQWV WKH H[SHULPHQW VWDUWHG ZLWK D  PLQ UHVW SHULRG
IROORZHGE\DQDUWHULDORFFOXVLRQWRGHWHUPLQH

29P  DWUHVW&XIILQIODWLRQZDVNHSWDW
PP+J IRU  V DQG WKDQ UHOHDVHG $IWHU  PLQ RI UHFRYHU\ ZKHQ 1,56 VLJQDOV KDG
UHWXUQHG WR EDVHOLQH YDOXHV WKH VXEMHFW SHUIRUPHG VHYHQ VHVVLRQV RI UK\WKPLF LVRPHWULF
KDQGJULSH[HUFLVHDWLQFUHPHQWDOZRUNLQWHQVLWLHV(DFKVHVVLRQFRQVLVWHGRIPLQH[HUFLVH
DW D FRQWUDFWLRQ UDWHRI ⋅PLQ GXW\ F\FOH $Q DUWHULDO RFFOXVLRQ ODVWLQJ VZDV
DSSOLHGLPPHGLDWHO\DWWKHHQGRIH[HUFLVH$OOGLIIHUHQWH[HUFLVHLQWHQVLWLHVZHUHVHSDUDWHG
E\PLQRI UHFRYHU\7KHZRUN LQWHQVLW\ZDV LQGLFDWHGYLVXDOO\ DQG LQFUHDVHGZLWK HDFK
VHVVLRQ LQ IROORZLQJ ZD\  09& 7KLV ZD\

29P   FRXOG EH
GHWHUPLQHGDWUHVWDQGLPPHGLDWHO\IROORZLQJH[HUFLVHLQDEURDGUDQJHRIZRUNORDGV

Statistics 
7KH GD\WRGD\ UHSURGXFLELOLW\ IRU

29P   FDOFXODWHG IURP +EGLII DQG 2+E ZDV
GHWHUPLQHG E\ D RQHZD\ DQDO\VLV RI YDULDQFH $129$ IRU UHSHDWHGPHDVXUHPHQWV ,Q
DGGLWLRQWKHZLWKLQVXEMHFWYDULDELOLW\ZDVFDOFXODWHGDVWKHFRHIILFLHQWRIYDULDWLRQ&9IRU
HDFKVXEMHFW6’PHDQ⋅DFURVVWKHWKUHHGD\V7KHGLIIHUHQFHEHWZHHQ

29P  +EGLII
DQG

29P  2+ERYHUWKHFRPSOHWHUDQJHIURPUHVWWR09&ZDVGHWHUPLQHGE\D
RQHZD\$129$IRUUHSHDWHGPHDVXUHPHQWV’LIIHUHQFHVRI3≤ZHUHFRQVLGHUHGDV
VWDWLVWLFDOO\ VLJQLILFDQW DQG DQ\ GLIIHUHQFHV ZHUH IXUWKHU DQDO\VHG ZLWK 6WXGHQW1HZPDQ
.HXOVSRVWKRFWHVW$OOGDWDDUHSUHVHQWHGDVPHDQ±6(

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$GLSRVHWLVVXHWKLFNQHVV$77EHWZHHQWKHRSWRGHVUDQJHGIURPPPZLWKPHDQ
DQG6(RI± PP7KHUHZDVQR VLJQLILFDQWGLIIHUHQFH LQ$77EHWZHHQ WKH WKUHH
PHDVXUHPHQWGD\V 3 DQG WKH LQWUDREVHUYHUYDULDELOLW\ZDV7KHPD[LPXP
YROXQWDU\FRQWUDFWLRQIRUFH09&UDQJHGIURP1ZLWKPHDQDQG6(RI±
11RVLJQLILFDQWGLIIHUHQFHLQ09&ZDVIRXQGEHWZHHQWKHWKUHHPHDVXUHPHQWGD\V3
 7KHZLWKLQVXEMHFWYDULDELOLW\LQ09&PHDVXUHGRYHUWKHGLIIHUHQWGD\VZDV
2QHVXEMHFWZDVH[FOXGHGIURPIXUWKHUDQDO\VLVEHFDXVHRIDSRRUVLJQDOWRQRLVHUDWLR
)LJ  VKRZV D W\SLFDO H[DPSOH RI WKH1,56 VLJQDOV LQ DQ LQGLYLGXDO VXEMHFW GXULQJ D
VLQJOH H[HUFLVH LQWHQVLW\ DW09&’XULQJ H[HUFLVH WKH FRPSUHVVLRQRIEORRGRXWRI
WKHPXVFOHV GXH WR HDFK FRQWUDFWLRQ FDQ EH VHHQ IURP WKH UK\WKPLF ULVH DQG IDOO LQ DOO
VLJQDOV 2YHU WKH  V RI H[HUFLVH 2+E GHFUHDVHG ZKLOH ++E LQFUHDVHG 7KLV EHFDPH
PRUH SURQRXQFHG ZKHQ ZRUN LQWHQVLW\ LQFUHDVHG 2YHU WKH ZKROH UDQJH RI H[HUFLVH
LQWHQVLWLHV 09&ZHVDZDQHW LQFUHDVH LQ W+EGXULQJHDFKVZRUNSHULRG
2QO\ GXULQJ WKH ORZHVWZRUNORDGV  09&ZH VDZ WKDW W+E UHPDLQHG URXJKO\
FRQVWDQW LQ VRPH VXEMHFWV EXW DW QR WLPH D GHFUHDVH LQ W+E ZDV REVHUYHG ’XULQJ
RFFOXVLRQDOLQHDUGHFUHDVHLQ2+EDQGDOLQHDULQFUHDVHLQ++EZHUHVHHQDIWHUWKHVWDUW
RI WKH RFFOXVLRQ ,Q FRQWUDVW WR WKH VLWXDWLRQ DW UHVW ZKHUH WKH OLQHDU GHFUHDVHLQFUHDVH
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Fig. 1. Raw NIRS signal during 1 min of rhythmic isometric handgrip exercise at 20% of the 
maximum voluntary contraction force (MVC) followed by 45 s of arterial occlusion. O2 
consumption was calculated from the linear decrease in oxyhaemoglobin (O2Hb) immediately 
after the start of the occlusion and from the linear decrease in Hbdiff ([Hbdiff] = [O2Hb] – [HHb]) 
(not shown). The sum of [O2Hb] and [HHb] reflects the total amount of haemoglobin ([tHb]) 
and changes in tHb can be interpreted as changes in blood volume in the tissue.  
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ZDVFRQWLQXHG IRU WKH IXOO  VRI WKHRFFOXVLRQ2+EDQG++E VKRZHGD WHQGHQF\ WR
SODWHDXZLWKLQWKHVRIRFFOXVLRQDIWHUH[HUFLVH7KLVSODWHDXEHFDPHPRUHSURQRXQFHG
DQGIDVWHULQWLPHZKHQH[HUFLVHLQWHQVLW\LQFUHDVHG,QRXWRIPHDVXUHPHQWVWKHUH
ZDVDVOLJKWLQFUHDVHLQW+EGXULQJWKHRFFOXVLRQ
7KH LQWHQVLW\ RI HDFK H[HUFLVH VHVVLRQ ZDV EDVHG RQ WKH LQGLYLGXDO PD[LPXP IRUFH
SURGXFWLRQDVGHWHUPLQHGSULRUWRWKHWHVW%HFDXVHZHZHUHLQWHUHVWHGLQWKHUHODWLRQVKLS
EHWZHHQ

29P   DQG WKH DPRXQW RI ZRUN SHUIRUPHG ZH FRPSDUHG WKH LQWHQGHG IRUFH
EDVHG RQ 09& ZLWK WKH DYHUDJH IRUFH WKDW ZDV DFWXDOO\ SURGXFHG GXULQJ HDFK  PLQ
FRQWUDFWLRQ VHVVLRQ)LJ VKRZV WKDW WKHDFWXDOSHUIRUPDQFHZDV OHVV WKDQ WKH LQWHQGHG
ZRUNORDGDQGWKLVEHFDPHPRUHSURQRXQFHGDWWKHKLJKZRUNORDGVRIDQG09&
&DOFXODWLRQRIWKHWUXHZRUNLQWHQVLWLHVUHVXOWHGLQWKHFRUUHFWHGZRUNORDGVRI
09&LQVWHDGRI09&7KHZLWKLQVXEMHFWYDULDELOLW\RI
WKHZRUN LQWHQVLW\ WKDWZDVSHUIRUPHGRYHU WKHGLIIHUHQWGD\V UDQJHGEHWZHHQ
±IRUWKHYDULRXVZRUNLQWHQVLWLHV
1R VLJQLILFDQWGLIIHUHQFHVZHUH IRXQG LQ

29P  PHDVXUHGRYHU VHYHUDO GD\VZLWK WKH
H[FHSWLRQ RI WKH KLJKHVW ZRUN OHYHO ZKLFK ZDV VLJQLILFDQWO\ ORZHU DW WKH ILUVW GD\ DV
FRPSDUHG ZLWK WKH VHFRQG DQG WKLUG GD\ ERWK IRU

29P   FDOFXODWHG IURP +EGLII


29P  +EGLII 7DEOH  DQG 2+E  29P  2+E 3  7KH ZLWKLQVXEMHFW
YDULDELOLW\ IRU

29P   FDOFXODWHG DV WKH FRHIILFLHQW RI YDULDWLRQ IRU HDFK VXEMHFW
6’PHDQ⋅ LV VKRZQ LQ 7DEOH  IRU

29P  +EGLII DW UHVW DQG DW  DQG 
09&7KHZLWKLQVXEMHFWYDULDELOLW\IRU

29P  2+EZDVVLPLODUGDWDQRWVKRZQ7KH
PHDQZLWKLQVXEMHFW YDULDELOLW\ IRU HDFKZRUNORDG LV VKRZQ LQ 7DEOH  DQG UDQJHG IURP
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Fig. 2. Agreement in work intensity between the intended work, based on the maximum 
voluntary contraction force (MVC), and the real performed work. The straight grey line 
indicates the line of identity between both work intensities. 
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Table 1. Mean (± SE) values for O2 consumption ( 2OVm  ) from Hbdiff at rest and during rhythmic 
isometric handgrip exercise. 
         
 Rest 9% MVC 18% MVC 28% MVC 36% MVC 44% MVC 61% MVC 72% MVC 
         
Day 1 0.14 ± 0.01 0.38 ± 0.07 0.84 ± 0.25 1.31 ± 0.44 1.52 ± 0.51 1.85 ± 0.63 2.45 ± 0.79 2.54 ± 0.73 
Day 2 0.15 ± 0.02 0.43 ± 0.09 0.95 ± 0.23 1.48 ± 0.37 1.83 ± 0.43 2.16 ± 0.65 2.68 ± 0.71 3.13 ± 0.59 
Day 3 0.15 ± 0.02 0.41 ± 0.07 0.88 ± 0.25 1.46 ± 0.45 1.97 ± 0.56 2.14 ± 0.68 2.36 ± 0.60 3.06 ± 0.59 
         
Avg 0.15 ± 0.01 0.41 ± 0.07 0.89 ± 0.24 1.42 ± 0.41 1.77 ± 0.49 2.05 ± 0.64 2.50 ± 0.69 2.91 ± 0.63 
P-value 0.99 0.32 0.34 0.49 0.10 0.24 0.49 0.02 * 
        
 
day 1 < day 2 
day 1 < day 3 
         
CV (%) 17.6 16.3 21.1 23.2 23.0 20.3 20.0 20.6 
2OVm   in mlO2⋅min-1⋅100g-1. MVC = maximal voluntary contraction force, CV = coefficient of variation, n 
= 6. *P ≤ 0.05 for differences between the three days. 

Table 2. Within-subject variability for 2OVm   from Hbdiff at rest and during isometric handgrip exercise at 
9% and 72% of the maximal voluntary contraction force (MVC). 
               
 
 Rest    9% MVC   72% MVC  
Subject I II III CV (%)  I II III CV (%)  I II III CV (%) 
               
1 0.15 0.11 0.09 25.0  0.55 0.61 0.45 15.2  1.70 2.30 2.00 14.9 
2 0.18 0.14 0.21 21.4  0.40 0.54 0.57 17.8  2.76 3.54 3.10 12.6 
3 0.13 0.11 0.10 10.8  0.41 0.37 0.33 11.1  1.51 2.09 1.87 16.1 
4 0.14 0.18 0.17 12.7  0.11 0.16 0.17 21.9  2.37 3.23 3.52 19.6 
5 0.13 0.13 0.14 5.0  0.24 0.23 0.31 17.3  0.93 1.84 2.18 39.0 
6 0.14 0.22 0.17 21.8  0.54 0.69 0.62 12.1  5.95 5.78 5.70 2.2 
               
   
Avg
 17.6    Avg 16.3    Avg 20.6 
2OVm   in mlO2⋅min-1⋅100g-1. CV = coefficient of variation ((SD/mean)⋅100%), I = day 1, II = day 2, III = day 3. 

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+EGLII DQG IRU 29P  2+E7KHYDULDWLRQRYHU
WKHGLIIHUHQWGD\VZDVVLPLODUIRUDOOH[HUFLVHOHYHOVWHVWHG7KHFRQILGHQFHLQWHUYDOIRU
WKHZLWKLQVXEMHFWYDULDELOLW\RIDOOVXEMHFWVDQGDOOH[HUFLVH LQWHQVLWLHV WRJHWKHUZDV
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+EGLII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7KHDYHUDJHJURXSYDOXHIRUUHVWLQJ
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29P  RYHUWKHWKUHHPHDVXUHPHQWGD\VZDV±
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WLPHVXSWR±PO2⋅PLQ⋅JIRU+EGLIIDQG±PO2⋅PLQ⋅J
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)LJ 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Fig. 3. Group mean (± SE) over three measurement days for muscle oxygen consumption 
( 2OVm  ) values during arterial occlusion at rest and after isometric handgrip exercise at 
various work intensities. Closed circles represent 2OVm   calculated from Hbdiff, open circles 
represent 2OVm   calculated from O2Hb. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 for differences 
between rest and the various work intensities for both O2Hb and Hbdiff except (*) for difference 
between rest and 30% MVC in 2OVm   calculated from Hbdiff. The factor of the increase in 
2OVm  ( Hbdiff) between rest and exercise is given in brackets for each workload. 

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Table 3. Mean (± SE) values for resting O2 consumption ( 2OVm  ) from literature. 
 Method 2OVm    
 Method 2OVm   
Holling 1939 Fick 0.11  De Blasi et al. 1992 NIRS 0.11 ± 0.02 
Mottram 1955 Fick 0.23 ± 0.02  De Blasi et al. 1993 NIRS 0.05 ± 0.01 
Hartling et al. 1989 Fick 0.14 ± 0.04  De Blasi et al. 1994 NIRS 0.10 ± 0.01 
Van Beekvelt et al. 2001b Fick 0.15 ± 0.01  De Blasi et al. 1997 NIRS 0.06 ± 0.01 
Wang et al. 1990 31P-MRS 0.17  Niwayama et al. 1999 NIRS 0.21 ± 0.01 
Hamaoka et al. 1996 31P-MRS 0.16 ± 0.00  Van Beekvelt et al. 2001a NIRS 0.11 ± 0.01 
Sako et al. 2001 31P-MRS 0.16 ± 0.00  Van Beekvelt et al. 2001b NIRS 0.11 ± 0.00 
2OVm   data from various studies were converted to mlO2⋅min-1⋅100g-1 using 1.04 kg⋅L-1 for muscle 
density and 22.4 L as the molar volume of gas assuming STPD conditions. 1 mol of O2 is assumed to 
synthesise 6 mol of ATP. 
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29P  GXULQJH[HUFLVHKDVEHHQGRQHE\IHZRWKHU
JURXSV>&ROLHUHWDO’H%ODVLHWDO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+RPPDHWDO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+RZHYHUQRFRPSDULVRQFDQEHPDGHZLWKPRVWRIWKHVHVWXGLHVVLQFHWKHH[HUFLVHWDVNRU
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>+RPPDHWDOD@$QRWKHUGLIILFXOW\LQWKHFRPSDULVRQZLWKRWKHUUHSRUWHGGDWDLVWKH
DFWXDODPRXQWRIZRUNWKDWLVSHUIRUPHG,QWKLVVWXG\WKHZRUNLQWHQVLW\RIHDFKH[HUFLVH
VHVVLRQZDVEDVHGRQ WKH LQGLYLGXDOPD[LPXP IRUFHSURGXFWLRQ DV LV FRPPRQO\XVHG LQ
G\QDPRPHWU\ %HFDXVH ZH ZHUH LQWHUHVWHG LQ WKH UHODWLRQVKLS EHWZHHQ

29P   DQG WKH
DPRXQWRIZRUNSHUIRUPHGZHFRPSDUHGWKHLQWHQGHGZRUNLQWHQVLW\EDVHGRQ09&
ZLWK WKHZRUN LQWHQVLW\ WKDWZDVDFWXDOO\SHUIRUPHGGXULQJHDFKFRQWUDFWLRQVHVVLRQ7KH
DFWXDOZRUN LQWHQVLW\GHWHUPLQHGDV WKHDYHUDJH09&SURGXFHGRYHU PLQRI UK\WKPLF
H[HUFLVHZDVOHVVWKDQWKHGHVLUHGSHUFHQWDJHRI09&DQGWKLVEHFDPHPRUHSURQRXQFHG
DW KLJK LQWHQVLW\ ZRUN  09& 7KHUH DUH WZR ORJLFDO H[SODQDWLRQV IRU WKLV
SKHQRPHQRQ )LUVW WKH H[DFW IRUFH OHYHO RYHU  V FDQ RQO\ EHHQ DFKLHYHG ZKHQ WKH
JHQHUDWHGIRUFHFXUYHGHVFULEHVDSHUIHFWVTXDUHZDYHIRUP6LQFHWKLVLVQRWWKHFDVHDQG
WKHSUHYLRXVO\GHWHUPLQHG09&OHYHOLVVHHQDVPD[LPXPWKHDPRXQWRISHUIRUPHGZRUN
ZLOOPRVWO\EH OHVV WKDQ WKHGHVLUHGZRUN 6HFRQGSHUIRUPDQFHGHFUHDVHGZKHQ H[HUFLVH
LQWHQVLW\ LQFUHDVHG EHFDXVH PRUH WLPH LV QHHGHG WR UHDFK WKH GHVLUHG 09& OHYHO DQG
FRQVHTXHQWO\OHVVWLPHLVDYDLODEOHWRNHHSWKHIRUFHDWWKDWOHYHO0RUHRYHUWKHSURGXFHG
IRUFH DW  DQG  09& ZLOO IXUWKHU GHFUHDVH GXH WR IDWLJXH 7KHUHIRUH ZH UH
FDOFXODWHGWKHSHUIRUPHGZRUNLQWHQVLWLHVUHVXOWLQJLQWKHFRUUHFWHGZRUNORDGVRI
±09&LQVWHDGRI09&
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LQWHQVLW\ DW ZKLFK WKH ZRUN LV SHUIRUPHG 7KH ZLWKLQVXEMHFW YDULDELOLW\ IRU WKH ZRUN
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SUMMARY 
The influence of adipose tissue thickness (ATT) on in vivo near-
infrared spectroscopy (NIRS) measurements was studied in the 
human flexor digitorum superficialis muscle at rest and during 
sustained isometric handgrip exercise. NIRS was used for the 
quantitative measurement of muscle O2 consumption ( 2OVm  ) and 
forearm blood flow (FBF) in seventy-eight healthy subjects. Skinfold 
thickness ranged from 1.4 – 8.9 mm within the group. Resting 2OVm   
was 0.11 ± 0.04 mlO2⋅min-1⋅100g-1, and FBF was 1.28 ± 0.82 
ml⋅100ml-1⋅min-1. There was a negative correlation (r = -0.70, P ≤ 
0.01) indicating a decrease in 2OVm   with increasing ATT. 2OVm   in 
the 10 leanest subjects appeared to be twice as high as that in the 10 
subjects with the highest ATT. A poor correlation (r = 0.29, P ≤ 0.01) 
was found between ATT and FBF. The gender difference that we 
found for 2OVm   was due to the difference in ATT between female 
and male subjects. No correlation was found between maximum 
voluntary contraction (MVC) force and 2OVm   nor between MVC and 
ATT, indicating that the contraction force did not confound our results. 
These results show that ATT has a substantial confounding effect on 
in vivo NIRS measurements, and that it is essential to incorporate this 
factor into future NIRS muscle studies in order to justify comparisons 
between various groups. To facilitate such comparisons, upper and 
lower boundaries for normal values of 2OVm   and FBF in relation to 
ATT are presented. 

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INTRODUCTION 
1HDULQIUDUHG VSHFWURVFRS\ 1,56 LV DQRSWLFDOPHWKRG IRU WKHPHDVXUHPHQW RI WLVVXH
2 FRQVXPSWLRQ DQG GHOLYHU\ 1,56 KDV EHHQ XVHG PDLQO\ WR PRQLWRU R[\JHQDWLRQ
FKDQJHVLQWKHEUDLQDQGWRDIDUOHVVHUH[WHQWWRVWXG\VNHOHWDOPXVFOHWLVVXHR[\JHQDWLRQ
,Q WKH SDVW FRXSOH RI \HDUV 1,56 KDV EHFRPH D PRUH DFFHSWHG WHFKQLTXH IRU WKH
QRQLQYDVLYH GHWHUPLQDWLRQ RI ORFDO R[\JHQ FRQVXPSWLRQ DQG EORRG IORZ LQ KXPDQ
VNHOHWDOPXVFOH7KHDGYDQWDJHRIPHDVXUHPHQWLQVNHOHWDOPXVFOHLVWKHDELOLW\WRREWDLQ
ORFDO LQIRUPDWLRQ DERXW PXVFOH R[\JHQDWLRQ ZLWK WKH SRVVLELOLW\ RI FDOFXODWLQJ
TXDQWLWDWLYH YDOXHV IRU 2 FRQVXPSWLRQ DQG EORRG IORZ XVLQJ VLPSOH SK\VLRORJLFDO
LQWHUYHQWLRQVVXFKDVDUWHULDORUYHQRXVRFFOXVLRQ>&KHDWOHHWDO&ROLHUHWDO
’H%ODVLHWDO’H%ODVLHWDO’H%ODVLHWDO+RPPDHWDOD9DQ
%HHNYHOW HW DO  9DQ %HHNYHOW HW DO @ ,Q YLYR 1,56PHDVXUHPHQWV LQ VNHOHWDO
PXVFOH KRZHYHU DVVHVV QRW RQO\ WKH PXVFOH WLVVXH EXW DOVR WKH RYHUO\LQJ WLVVXH
3URSDJDWLRQRIWKHOLJKWZLWKLQWKHWLVVXHLVFRPSOH[DVWKHOLJKWWUDYHOVWKURXJKPXOWLSOH
OD\HUVRIWKHLQKRPRJHQHRXVPHGLXP7KHVXEFXWDQHRXVOD\HUFDQYDU\FRQVLGHUDEO\GXH
WR LQGLYLGXDO GLIIHUHQFHV LQ DGLSRVH WLVVXH WKLFNQHVV $77 ZKLFK PD\ FRQIRXQG WKH
1,56PHDVXUHPHQWVLQPXVFOH7KHPD[LPXPPHDVXUHPHQWGHSWKRI1,56LVWKRXJKWWR
EHURXJKO\KDOIWKHGLVWDQFHEHWZHHQVRXUFHDQGGHWHFWRU>&XLHWDO+RPPDHWDO
E@7KLVPHDQV WKDW D WKLFN VNLQRU IDW OD\HUSUHYHQWV D VXEVWDQWLDO DPRXQWRI OLJKW
SDVVLQJWKURXJKWKHPXVFOHWLVVXH)XUWKHUPRUHWKHRSWLFDOFKDUDFWHULVWLFVDQGWKHUHIRUH
WKHSDWKRIWKHOLJKWDUHGLIIHUHQWLQDGLSRVHFRPSDUHGZLWKPXVFOHWLVVXH>0DWVXVKLWDHW
DO@6LQFHDGLSRVHWLVVXHPHWDEROLVPLVORZHUWKDQPXVFOHPHWDEROLVP>&RSSDFNHW
DOD@PXVFOHR[\JHQFRQVXPSWLRQZLOOEHXQGHUHVWLPDWHG$OWKRXJKWKHSUREOHPRI
WKHHIIHFWRI$77RQWKHLQWHUSUHWDWLRQRI1,56PHDVXUHPHQWVLVJHQHUDOO\DFFHSWHGRQO\
IHZVWXGLHVDFWXDOO\ LQYHVWLJDWHGWKLV LQIOXHQFH,QYLYRPHDVXUHPHQWVZHUHSHUIRUPHGE\
+RPPDHWDO>+RPPDHWDOE@ZKRLQYHVWLJDWHGYDULRXVVRXUFHGHWHFWRUGLVWDQFHV
LQ UHODWLRQ WR$777KH\ IRXQG WKDW DOO VXEMHFWV VKRZHGGHR[\JHQDWLRQGXULQJ H[HUFLVH
ZLWK D VRXUFHGHWHFWRU GLVWDQFH RI  PP ZKHUHDV RQO\ WKH VXEMHFWV ZLWK ORZ $77
VKRZHGGHR[\JHQDWLRQZLWKDVRXUFHGHWHFWRUGLVWDQFHRIPP7KLVVXJJHVWVWKDWWKH
OLJKWGLGQRWSHQHWUDWHGHHSO\HQRXJKWRUHDFKWKHDFWLYHPXVFOHWLVVXHLQWKHVXEMHFWVZLWK
KLJKHU $77 ,Q RWKHU VWXGLHV PDWKHPDWLFDO PRGHOV ZLWK WZR WKUHH RU IRXU GLIIHUHQW
WLVVXH OD\HUVZHUHXVHG WR LQYHVWLJDWH WKH LQIOXHQFHRI$77RQ WKHSURSDJDWLRQRIQHDU
LQIUDUHGOLJKWWKXVVLPXODWLQJ1,56PHDVXUHPHQWV>0DWVXVKLWDHWDO1LZD\DPDHW
DO<DPDPRWRHWDO@7KHVHVLPXODWLRQVUHYHDOHGDGHFUHDVHLQVHQVLWLYLW\ZLWK
LQFUHDVLQJ$776XEVHTXHQWO\DVPDOOQXPEHURILQYLYR1,56PHDVXUHPHQWVZHUHFDUULHG
RXW WR YHULI\ WKH VLPXODWHG HIIHFW RI$77 DQG WKHVH VKRZHG JRRG DJUHHPHQWZLWK WKH
WKHRUHWLFDO UHVXOWV%RWK<DPDPRWR HW DO ><DPDPRWR HW DO @ DQG0DWVXVKLWD HW DO
>0DWVXVKLWD HW DO @ VXJJHVWHG PDWKHPDWLFDO FRUUHFWLRQV EXW WKHVH DUH QRW ZLGHO\
DSSOLFDEOHEHFDXVHRIWKHGLIIHUHQFHVLQDYDLODEOH1,56V\VWHPVDQGWHFKQLTXHVHPSOR\HG
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%DVHG RQ WKH VPDOO QXPEHU RI LQ YLYRPHDVXUHPHQWV WKH UHDO LQ YLYR HIIHFW RI$77 RQ
1,56PHDVXUHPHQWVUHPDLQVXQFHUWDLQ)XUWKHUPRUHLWLVQRWNQRZQZKHWKHUWKHHIIHFW
RI$77RQ1,56PHDVXUHPHQWVLVGLIIHUHQWIRUPDOHDQGIHPDOHVXEMHFWVZKLFKPLJKWEH
H[SHFWHGEHFDXVHRIWKHGLIIHUHQWDPRXQWVRIDGLSRVHWLVVXHLQWKHWZRVH[HV0RUHRYHULW
LVQRWNQRZQZKHWKHUWKHHIIHFWRI$77RQ1,56PHDVXUHPHQWVFKDQJHVGXULQJH[HUFLVH
7KXV IDU DWWHQWLRQ KDV EHHQ IRFXVHG RQ R[\JHQ FRQVXPSWLRQZKLOH QRWKLQJ KDV EHHQ
UHSRUWHG ZLWK UHJDUG WR WKH LQIOXHQFH RI $77 RQ WKH PHDVXUHPHQW RI EORRG IORZ E\
1,56
7KHUHIRUH WKH DLP RI WKH SUHVHQW VWXG\ZDV WR GHWHUPLQH WKH LQIOXHQFH RI$77 RQ
TXDQWLWDWLYHLQYLYRPHDVXUHPHQWRIORFDO

29P  DQGIRUHDUPEORRGIORZ)%)LQDODUJH
JURXSRIKHDOWK\VXEMHFWVDQGWRLQYHVWLJDWHZKHWKHUWKLVLQIOXHQFHLVDOVRSUHVHQWGXULQJ
H[HUFLVHRULVDIIHFWHGE\JHQGHUGLIIHUHQFHV

METHODS 
Subjects 
$WRWDORIVHYHQW\HLJKWKHDOWK\YROXQWHHUVIHPDOHPDOHSDUWLFLSDWHGLQWKLVVWXG\
7KH VWXG\ ZDV DSSURYHG E\ WKH )DFXOW\ (WKLFV &RPPLWWHHDQG DOO VXEMHFWV JDYH WKHLU
ZULWWHQ LQIRUPHGFRQVHQW7KHPHDQ6’FKDUDFWHULVWLFVRI WKHVXEMHFWVZHUH
\ULQDJHFPLQKHLJKWDQGNJLQZHLJKW)RXURIWKHVXEMHFWV
ZHUHRQPHGLFDWLRQWKDWWRRXUNQRZOHGJHGRHVQRWDIIHFWPXVFOHSHULSKHUDOFLUFXODWLRQ
6NLQIROG WKLFNQHVV ZDV PHDVXUHG EHWZHHQ WKH 1,56 RSWRGHV XVLQJ D VNLQIROG FDOLSHU
+ROWDLQ/WG&U\PP\FK8.DQGGLYLGHGE\WRGHWHUPLQH$77 IDWVNLQOD\HU
FRYHULQJWKHPXVFOH$OOEXWVL[RIWKHVXEMHFWVZHUHULJKWKDQGHG$OWKRXJKQRQHRIWKH
VXEMHFWV KDG FRQVXPHG D ODUJH PHDO WKH PHWDEROLF VWDWH RI WKH VXEMHFWV PLJKW KDYH
GLIIHUHGVOLJKWO\ZLWKLQWKHJURXS

Near-infrared Spectroscopy (NIRS) 
1,56LVEDVHGRQWKHUHODWLYHWUDQVSDUHQF\RIELRORJLFDOWLVVXHWROLJKWLQWKHQHDULQIUDUHG
UHJLRQ DQG RQ WKH R[\JHQGHSHQGHQW DEVRUSWLRQ FKDQJHV RI KDHPRJORELQ +E DQG
P\RJORELQ 0E 8VLQJ D FRQWLQXRXVZDYH QHDULQIUDUHG VSHFWURSKRWRPHWHU 2[\PRQ
%LRPHGLFDO(QJLQHHULQJ’HSDUWPHQW8QLYHUVLW\RI1LMPHJHQ1/WKDWJHQHUDWHVOLJKWDW
  DQGQP>9DQGHU6OXLMV HW DO @ LW LV SRVVLEOH WRGLIIHUHQWLDWHEHWZHHQ
R[\ DQG GHR[\KDHPRJORELQP\RJORELQ 2+E20E DQG ++E+0E UHVSHFWLYHO\
’XHWRWKHRYHUODSRIWKHVSHFWUXPLWLVQRWSRVVLEOHWRGLVWLQJXLVKEHWZHHQFKDQJHVLQ
+EDQG0E$OWKRXJK WKHUH LVQRFRQVHQVXVDERXWZKHWKHU WKH1,56VLJQDORULJLQDWHV
PDLQO\ IURP+E>6HL\DPDHW DO @>&KDQFHHW DO :DQJHW DO @RU IURPD
FRPELQDWLRQRI+EDQG0E>+RRIG0ROHHWDO7UDQHWDO@ WKLVGRHV
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QRW DIIHFW RXU UHVXOWV VLQFH ZH ZHUH LQWHUHVWHG LQ WKH DPRXQW RI 2 FRQVXPHG
LUUHVSHFWLYH RI ZKHWKHU LW ZDV VXSSOLHG E\ +E RU 0E 7KH DEVRUSWLRQ FKDQJHV DW WKH
GLVFUHWHZDYHOHQJWKVDUHFRQYHUWHGLQWRFRQFHQWUDWLRQFKDQJHVRI2+EDQG++EXVLQJD
PRGLILHG/DPEHUW%HHU ODZ LQZKLFKDSDWKOHQJWK IDFWRU LV LQFRUSRUDWHG WRFRUUHFW IRU
VFDWWHULQJRISKRWRQVLQWKHWLVVXH$OWKRXJKJHQGHUGLIIHUHQFHVLQGLIIHUHQWLDOSDWKOHQJWK
IDFWRU’3)KDYHEHHQUHSRUWHG>’XQFDQHWDO(VVHQSUHLVHWDO)HUUDULHWDO
YDQGHU=HHHWDO@ZHXVHGDIL[HG’3)RIIRUWKHFDOFXODWLRQRIDEVROXWH
FRQFHQWUDWLRQ FKDQJHV 1,56 PHDVXUHPHQWV ZHUH FDUULHG RXW RQ WRS RI WKH IOH[RU
GLJLWRUXPVXSHUILFLDOLVPXVFOH)’6ZLWKDQLQWHURSWRGHGLVWDQFHRIPP’DWDZHUH
VDPSOHGDW+]GLVSOD\HGLQUHDOWLPHDQGVWRUHGRQGLVNIRURIIOLQHDQDO\VLV

Experimental protocol 
$OOWHVWVZHUHSHUIRUPHGDWDURRPWHPSHUDWXUHRIDSSUR[LPDWHO\°&7KHVXEMHFWZDV
VHDWHGIRUPLQSULRUWRWKHWHVW7KHULJKWKDQGUHVWHGRQDKDQGJULSG\QDPRPHWHU
ZLWK WKHXSSHU DUPDWKHDUW OHYHO DQG WKH IRUHDUPSODFHGDW DQXSZDUGDQJOHRI° WR
DYRLGYHQRXVSRROLQJRI WKHEORRG7KHDUPZDV VXSSRUWHGDW WKHZULVW DQGDERYH WKH
HOERZ WR SUHYHQW FRQWDFW EHWZHHQ IRUHDUP DQG G\QDPRPHWHU DVVXPLQJ FRPSOHWHO\
XQUHVWULFWHGFLUFXODWLRQLQWKHIRUHDUP7KHPD[LPXPYROXQWDU\FRQWUDFWLRQ09&IRUFH
RI WKHVXEMHFWZDVGHWHUPLQHGEHIRUHWKH WHVW$SQHXPDWLFFXIIZDVSODFHGDURXQG WKH
XSSHUDUPLQRUGHUWRDSSO\YHQRXVRUDUWHULDORFFOXVLRQ
$IWHUSODFHPHQWRI WKH LQVWUXPHQWV WKH H[SHULPHQW VWDUWHGZLWK D PLQ UHVWSHULRG
IROORZHG E\ WKUHH YHQRXV RFFOXVLRQV  PP+J DQG WKUHH DUWHULDO RFFOXVLRQV 
PP+J9HQRXV RFFOXVLRQV ODVWHG  V DQGZHUH VHSDUDWHGE\ PLQ UHFRYHU\ SHULRGV
$UWHULDORFFOXVLRQVODVWHGVDQGZHUHVHSDUDWHGE\PLQUHFRYHU\SHULRGV
$IWHUPLQRIUHFRYHU\ZKLFKDOORZHGWKH1,56VLJQDOVWRUHWXUQWREDVHOLQHYDOXHV
WKHVXEMHFWZDVDVNHGWRSHUIRUPVXVWDLQHGLVRPHWULFKDQGJULSH[HUFLVHDWRI09&
$IWHU PLQRI H[HUFLVHZKHQ1,56 VLJQDOVKDG UHDFKHG VWHDG\ VWDWH DUWHULDO RFFOXVLRQ
ZDV DSSOLHG E\ UDSLG LQIODWLRQ RI WKH DUP FXII ZKLOH H[HUFLVH ZDV PDLQWDLQHG &XII
LQIODWLRQZDVNHSW DW PP+J IRU  V DQG UHOHDVHG VLPXOWDQHRXVO\ZLWK WKH HQGRI
H[HUFLVH:KHQDOOVLJQDOVKDGUHWXUQHGWRSUHH[HUFLVHOHYHOVDVHFRQGDQGDWKLUGH[HUFLVH
VHVVLRQZHUHSHUIRUPHGDWDQGRI09&UHVSHFWLYHO\

Forearm measurements 
)RUHDUPEORRGIORZ
7KH VXPRI >2+E@ DQG >++E@ UHIOHFWV WKH WRWDO DPRXQW RI KDHPRJORELQ >W+E@ DQG
FKDQJHV LQ >W+E@FDQEH LQWHUSUHWHGDV FKDQJHV LQEORRGYROXPH LQ WKH WLVVXH)RUHDUP
EORRGIORZ)%)ZDVFDOFXODWHGE\HYDOXDWLQJWKHUDWHRILQFUHDVHLQ>W+E@GXULQJYHQRXV
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RFFOXVLRQDVGHVFULEHGSUHYLRXVO\>’H%ODVLHWDO9DQ%HHNYHOWHWDOE@7KH
OLQHDULQFUHDVHLQWKHFRQFHQWUDWLRQFKDQJHVZLWKLQWKHILUVWVHFRQGVRIWKHVRFFOXVLRQ
ZDV XVHG IRU WKH FDOFXODWLRQ RI)%)&RQFHQWUDWLRQ FKDQJHV RI W+EZHUH H[SUHVVHG LQ
0ˆV DQG FRQYHUWHG WR PLOOLOLWUHV EORRG SHU PLQXWH SHU  PLOOLOLWUHV WLVVXH
PO⋅PLQ⋅POXVLQJDQDYHUDJH+EFRQFHQWUDWLRQRIPPRO⋅/IRUIHPDOHVXEMHFWV
DQGPPRO⋅/IRUPDOHVXEMHFWV7KHPROHFXODUZHLJKWRI+EJ⋅PRODQGWKH
PROHFXODU UDWLR EHWZHHQ +E DQG 2  ZHUH WDNHQ LQWR DFFRXQW )%) DW UHVW ZDV
FDOFXODWHGDVWKHDYHUDJHRIWKHWKUHHYHQRXVRFFOXVLRQV

2[\JHQFRQVXPSWLRQ
0XVFOHR[\JHQFRQVXPSWLRQ

29P  ZDVPHDVXUHGE\1,56XVLQJDUWHULDORFFOXVLRQE\
HYDOXDWLQJWKHUDWHRIGHFUHDVHLQ>+EGLII@>+EGLII@ >2+E@>++E@DVVXPLQJWKDW>W+E@LV
FRQVWDQW>’H%ODVLHWDO@&RQFHQWUDWLRQFKDQJHVRI+EGLIIZHUHH[SUHVVHGLQ0ˆV
DQGFRQYHUWHGWRPO2⋅PLQ⋅J$YDOXHRINJ⋅/ZDVXVHGIRUVNHOHWDOPXVFOH
GHQVLW\>9LHURUGW@

29P  DWUHVWZDVFDOFXODWHGDVWKHDYHUDJHRIWKHWKUHHDUWHULDO
RFFOXVLRQV

Statistics 
$6KDSLUR:LON WHVWZDVXVHG WR WHVWDOOYDULDEOHV IRUQRUPDOLW\ 3/RJDULWKPLF
WUDQVIRUPDWLRQZDV DSSOLHG RQ YDULDEOHV WKDW IDLOHG WKH QRUPDOLW\ WHVW $ FRHIILFLHQW RI
YDULDWLRQ>6’PHDQ⋅@ZDVFDOFXODWHGWRWHVWWKHUHSURGXFLELOLW\RI1,56YDULDEOHVDW
UHVW6WDWLVWLFDOGLIIHUHQFHVEHWZHHQUHVWDQGH[HUFLVHDQGEHWZHHQJHQGHUZHUHWHVWHGE\
PHDQV RI WKH 6WXGHQW SDLUHG WWHVW $ 6SHDUPDQ FRUUHODWLRQ WHVW ZDV XVHG WR WHVW WKH
FRUUHODWLRQEHWZHHQ1,56YDULDEOHVDQGORJ$77$OOGDWDDUHUHSRUWHGDVPHDQV±6’
7KHOHYHORIVWDWLVWLFDOVLJQLILFDQFHZDVVHWDW3≤

RESULTS  
$77 KDG D PHDQ ±6’ YDOXH RI    PP ZLWK D UDQJH RI  †  PP $V
H[SHFWHG$77GLGQRWKDYHDQRUPDOGLVWULEXWLRQZLWKLQRXUVXEMHFWJURXS)LJ09&
ZDV±1

Oxygen consumption and forearm blood flow 
7KHFRHIILFLHQWRIYDULDWLRQIRUIRUHDUPEORRGIORZ)%)GXULQJYHQRXVRFFOXVLRQZDV
DQGWKDWIRUPXVFOH2 FRQVXPSWLRQ 29P  REWDLQHGGXULQJDUWHULDORFFOXVLRQ
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ZDV7DEOH)RUIXUWKHUDQDO\VLV)%)DQG

29P  ZHUHFDOFXODWHGDVWKHPHDQV
RIWKHWKUHHFRQVHFXWLYHPHDVXUHPHQWV
)%)ZDV  PO⋅PLQ⋅PO DW UHVW ZKLOH

29P   DW UHVW ZDV ± 
PO2⋅PLQ⋅J ’XULQJ H[HUFLVH 29P   LQFUHDVHG VLJQLILFDQWO\ WR  ± 
PO2⋅PLQ⋅JDW09&±PO2⋅PLQ⋅JDW09&DQG±
PO2⋅PLQ⋅JDW09&3≤

Correlation between ATT and NIRS variables  
&RUUHODWLRQFRHIILFLHQWVIRUWKHUHODWLRQVKLSVEHWZHHQ1,56YDULDEOHVDQG$77DUHVKRZQ
LQ7DEOH$FOHDUFRUUHODWLRQZDVIRXQGEHWZHHQ$77DQG

29P  DWUHVW)LJ$$
SRRU FRUUHODWLRQ ZDV IRXQG EHWZHHQ $77 DQG

29P   GXULQJ H[HUFLVH DW WKH YDULRXV
ZRUNORDGV7DEOH$ZHDNFRUUHODWLRQZDVIRXQGEHWZHHQ$77DQG)%)DWUHVW )LJ
%

Gender differences 
1,56GDWDIRUIHPDOHDQGPDOHVXEMHFWVDUHVKRZQLQ7DEOH1RGLIIHUHQFHZHUHIRXQG
LQ )%) YDOXHV EHWZHHQ IHPDOH DQG PDOH VXEMHFWV +RZHYHU JHQGHU GLIIHUHQFHV ZHUH
SUHVHQWIRU

29P  DWUHVWDQGGXULQJH[HUFLVH2YHUDOOIHPDOHVXEMHFWVKDGORZHU

29P  
YDOXHV WKDQ PDOH VXEMHFWV 7KH GLIIHUHQFH EHWZHHQ WKH WZR VH[HV EHFDPH PRUH
SURQRXQFHGGXULQJH[HUFLVHZKHQIHPDOHVXEMHFWVVKRZHGQRIXUWKHULQFUHDVHDIWHU
09&ZKLOH

29P  LQPDOHVXEMHFWVFRQWLQXHGWRLQFUHDVHDW09&










Fig. 1 Distribution of ATT for the 78 subjects. ATT is 
defined as skinfold thickness / 2. Data from male 
and female subjects are presented as stacked bars. 

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Table 1. Reproducibility of NIRS FBF and 2OVm   measurements during three consecutive occlusions 
     
 I II III CV (%) 
     
FBF (ml⋅min-1⋅100ml-1)
 
1.26 ± 0.88 1.23 ± 0.78 1.34 ± 0.96 22.4 
2OVm   (mlO2⋅min-1⋅100g-1) 0.12 ± 0.05 0.11 ± 0.04 0.10 ± 0.04 16.2 
FBF was measured during venous occlusion, and 2OVm   during arterial occlusion. Values are means 
± SD, and the coefficient of variance (CV) is given in each case. The first, second, and third occlusion 
are represented by I, II, and III, respectively. 



Table 2. Correlation coefficients for the relationship between ATT and NIRS variables 
  
  
  
  
 ATT a b SE(a) SE(b) r P-value 
        
Rest FBF 0.71 1.11 0.24 0.43 0.29 * 
Rest 2OVm   0.18 -0.14 0.02 0.01 -0.70 ** 
10% MVC 2OVm   0.71 -0.54 0.10 0.18 -0.33 ** 
20% MVC 2OVm   1.20 -0.99 0.14 0.26 -0.41 ** 
30% MVC 2OVm   1.43 -1.18 0.19 0.36 -0.36 ** 
The relationship is defined by the equation: FBF or 2OVm   = a + b*log(ATT). Calculated values are 
given for all variables; a, b, standard error (SE) of a and b, and r. *P ≤ 0.05; **P ≤ 0.01. 



Table 3. Values for 2OVm   and FBF at rest and during sustained isometric handgrip exercise for 
female and male subjects separately 
    
 
  Female (33) Male (44) P-value 
     
Rest FBF 1.46 ± 0.74 1.14 ± 0.86 0.159 
Rest 2OVm   0.08 ± 0.03 0.13 ± 0.03 ** 
10% MVC 2OVm   0.31 ± 0.18 ## 0.53 ± 0.41 ## ** 
20% MVC 2OVm   0.48 ± 0.33 ## 0.87 ± 0.54 ## ** 
30% MVC 2OVm   0.52 ± 0.40 1.07 ± 0.75 ## ** 
2OVm   values are given in mlO2⋅min-1⋅100g-1, and FBF values in ml⋅min-1⋅100ml-1. Values are means ± 
SD. Significance of differences: **P ≤ 0.01 for male compared with female subjects; ##P ≤ 0.01 for 
differences in 2OVm   between two consecutive workloads. 

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Fig. 2 Correlation between log(ATT) and NIRS variables at rest. A) 2OVm   and B) FBF, 
measured in 78 healthy subjects. Data from male (Ì)  and female (Ä) subjects are 
shown separately. 

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DISCUSSION 
7KHPDLQILQGLQJRIWKLVVWXG\ZDVDPDMRUGHFUHDVHLQ

29P  ZLWKLQFUHDVLQJ$77)LJ
$7KHVXEMHFWVZLWKWKHKLJKHVWYDOXHVIRU$77$77≥PPKDGD

29P  WKDW
ZDV  WLPHV ORZHU 3  WKDQ WKH

29P   LQ WKH  OHDQHVW VXEMHFWV $77≤ 
PP/HVVFOHDUZDV WKH UHODWLRQVKLSEHWZHHQ)%)DQG$77$OWKRXJKFRUUHODWLRQZDV
ZHDN)%)ZDVPRUH WKDQ WZLFH DV KLJK LQ WKH  VXEMHFWVZLWKWKH KLJKHVW YDOXHV IRU
$77DVFRPSDUHGZLWKWKH)%)LQWKHOHDQHVWVXEMHFWV37RRXUNQRZOHGJH
WKLVLVWKHILUVWWLPHWKDWWKHLQIOXHQFHRI$77RQ1,56KDVEHHQTXDQWLILHGLQYLYRXVLQJD
ODUJHVXEMHFWSRSXODWLRQ2XUILQGLQJVVKRZWKDWLWLVRIXWPRVWLPSRUWDQFHWKDW$77LV
NQRZQDQGLVLQFRUSRUDWHGLQWRWKHDQDO\VLVRI1,56PHDVXUHPHQWVLQPXVFOHWLVVXHDQG
ZKHUHFRPSDULVRQEHWZHHQVXEMHFWVZLWKYDU\LQJ$77YDOXHVLVLQYROYHG
7KHPD[LPXPPHDVXUHPHQWGHSWKRI1,56LVWKRXJKWWREHURXJKO\KDOIWKHGLVWDQFH
EHWZHHQVRXUFHDQGGHWHFWRU>&XLHWDO+RPPDHWDOE@)RUDQ LQWHURSWRGH
GLVWDQFH,2RIPPWKHOLJKWZLOOWKHUHIRUHSHQHWUDWHDSSUR[LPDWHO\PPLQWRWKH
WLVVXH +\SRWKHWLFDOO\ ZKHQ $77 LV VPDOO WKH FRQWULEXWLRQ RI OLJKW SDVVLQJ WKURXJK
DGLSRVHWLVVXHZLOOEHPLQLPDO:KHQ$77LVODUJHKRZHYHUDVXEVWDQWLDODPRXQWRIOLJKW
ZLOO SDVV WKURXJK DGLSRVH WLVVXH RQO\ LQVWHDG RI WKURXJK PXVFOH WLVVXH $ VLPSOH
FDOFXODWLRQ XVLQJ RXU GDWD VKRZV WKDW  RI WKH PHDVXUHPHQW GHSWK LQ RXU OHDQHVW
VXEMHFWPP$77FRPSURPLVHVPXVFOHWLVVXHZKLOHWKLVYDOXHZDVRQO\IRURXU
VXEMHFW ZLWK WKH ODUJHVW $77  PP )LJ  7KLV PHDQV WKDW WKH DPRXQW RI OLJKW
SHQHWUDWLQJPXVFOHWLVVXHZLOOEHIDUOHVVLQWKHVXEMHFWZLWKKLJK$77WKDQLQWKHVXEMHFW
ZLWKWKHORZ$777DNLQJLQWRDFFRXQWWKHFRPSOH[LW\RIWKHSURSDJDWLRQRIOLJKWZLWKLQ
WKHWLVVXHWKHGLIIHUHQFHVEHWZHHQVXEMHFWVPLJKWEHFRPHPRUHSURQRXQFHG>0DWVXVKLWD
HWDO@

29P  PHDVXUHGE\1,56ZLOOEHXQGHUHVWLPDWHGDV$77LQFUHDVHVGXHWR
WKHPL[WXUH RI FRQVXPSWLRQ RULJLQDWLQJ IURPPXVFOH DQG DGLSRVH WLVVXH VLQFH DGLSRVH
WLVVXHLVEHOLHYHGWRKDYHDORZ2FRQVXPSWLRQ>$UQHUHWDO&RSSDFNHWDOD
)UD\Q HW DO  6LPRQVHQ HW DO @:KHQ FRPSDUHGZLWKPXVFOH WLVVXH ERWK2
FRQVXPSWLRQ>&RSSDFNHWDOD@DQG2H[WUDFWLRQDUHPXFKORZHULQDGLSRVHWLVVXH
>&RSSDFNHWDOD&RSSDFNHWDOE)UD\QHWDO@&RSSDFNHWDO>&RSSDFN
HWDOD@PHDVXUHG2FRQVXPSWLRQYDOXHVRIPO2⋅PLQ⋅JUDQJH
IRUDGLSRVHWLVVXHDQGRIPO2⋅PLQ⋅JUDQJHIRUPXVFOHWLVVXHGDWD
FRQYHUWHGIURPµPRO⋅PLQ⋅PO7KLVLVLQDJUHHPHQWZLWKWKHUHVXOWVRI6LPRQVHQHW
DO >6LPRQVHQ HW DO @ ZKR IRXQG D VLPLODU ORZ 2 FRQVXPSWLRQ  ± 
PO2⋅PLQ⋅J LQDGLSRVHWLVVXH$OWKRXJKRXU 29P  YDOXHZDV ORZHUWKDQWKDWRI
&RSSDFNHWDO>&RSSDFNHWDOD@LWZDVVWLOOURXJKO\WKUHHWLPHVKLJKHUWKDQWKH2
FRQVXPSWLRQ LQ DGLSRVH WLVVXH $ SRVVLEOH H[SODQDWLRQ IRU WKH GLVFUHSDQF\ LQ

29P  
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Fig. 3 Simplified schematic presentation of NIRS light penetration in relation to ATT 
(+skin) and muscle tissue in our subject with the greatest ATT (8.9 mm) and in our 
leanest subject (ATT = 1.4 mm). The model does not take into account the different light-
scattering properties of fat and muscle. The light travels in a 'banana shape' form from 
source to detector [Cui et al. 1991], and the maximum penetration depth is roughly half 
the interoptode distance. Approximately 49% of the measurement depth (17.5 mm) in our 
subject with the largest ATT comprises muscle tissue, while this value was 92% for our 
leanest subject. 

EHWZHHQ WKH WZR VWXGLHVPLJKW EH DQ RYHUHVWLPDWLRQ RIPXVFOH EORRG IORZ GXH WR WKH
SOHWK\VPRJUDSKLF IORZ PHWKRG XVHG E\ &RSSDFN HW DO >&RSSDFN HW DO D@
3OHWK\VPRJUDSKLF IORZ UHIOHFWV WKH WRWDO IRUHDUP EORRG IORZ LQFOXGLQJ IORZ RULJLQDWLQJ
IURPDGLSRVHWLVVXHDQGVNLQ6LQFHDGLSRVHWLVVXHEORRGIORZDSSHDUVWREHJUHDWHUWKDQ
PXVFOHEORRG IORZ >&RSSDFN HW DO D&RSSDFN HW DO @ SOHWK\VPRJUDSKLF IORZ
PHDVXUHPHQWZLOO OHDG WRDQRYHUHVWLPDWLRQZKHQXVHG WR UHSUHVHQWPXVFOHEORRGIORZ
$VKDVEHHQVKRZQLQRWKHU1,56VWXGLHV>’H%ODVLHWDO9DQ%HHNYHOWHWDOE@
IORZPHDVXUHGE\SOHWK\VPRJUDSK\ZDVWLPHVKLJKHUWKDQWKHORFDOPXVFOHEORRGIORZ
PHDVXUHGE\1,56
$QRWKHU FRQWULEXWLRQ WR WKH ORZHU

29P   WKDW ZH IRXQG LQ RXU VWXG\ PLJKW EH D
GLIIHUHQFH LQ ERG\ FRPSRVLWLRQ$V&RSSDFN HW DO>&RSSDFN HW DO D@ WHVWHG VHYHQ
VXEMHFWV ZLWK D PD[LPXP ZKROHERG\ IDW FRQWHQW RI  WKHLU SRSXODWLRQ LV PRVW
SUREDEO\PXFKOHDQHUWKDQRXUVVLQFHZHLQFOXGHGDZLGHUDQJHRIVNLQIROGWKLFNQHVVHV
7KHUHIRUHRXUJURXSPHDQIRU

29P  ZLOOEHXQGHUHVWLPDWHG
2XU LQ YLYR WHVW VKRZVFOHDUO\ WKDW

29P  PHDVXUHGE\1,56ZLOOEHXQGHUHVWLPDWHG
ZKHQ $77 LQFUHDVHV 7KHVH ILQGLQJV DUH VXSSRUWHG E\ WKH GHFUHDVHG VHQVLWLYLW\ IRXQG
ZLWKLQFUHDVLQJ$77LQPDWKHPDWLFDOVLPXODWLRQV>0DWVXVKLWDHWDO1LZD\DPDHWDO
<DPDPRWRHW DO @ ,QDQ HDUOLHU VWXG\RI<DPDPRWRHW DO><DPDPRWRHW DO
@DGHFUHDVHRILQDEVRUEDQFHZDVUHSRUWHGZKHQWKHWKLFNQHVVRIWKHIDWOD\HU
LQFUHDVHGIURP WRPPZLWKDGHFUHDVHRIZKHQIDW OD\HU WKLFNQHVV LQFUHDVHG
IURP WRPP1LZD\DPDIRXQGDVLPLODUGHFUHDVHRIEXWGLGQRWVSHFLI\ WKH
UDQJHRI$77WKDWFDXVHGWKLVGHFUHDVH%DVHGRQ)LJ$ZHIRXQGVLPLODUUHVXOWVDIWHU
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H[WUDSRODWLRQRIWKHUHJUHVVLRQOLQHWRDQ$77RIPP7KH

29P  GHFUHDVHGE\
DV WKH$77 LQFUHDVHG IURP WRPP$77 YV PO2⋅PLQ⋅J DQGE\
IURPWRPP$77YVPO2⋅PLQ⋅J
2QO\DVPDOOQXPEHURILQYLYR1,56PHDVXUHPHQWVKDYHEHHQFDUULHGRXWSUHYLRXVO\
7KH H[LVWHQFH RI DQ LQIOXHQFH RI$77 RQ1,56PHDVXUHPHQWV KDV EHHQ UHSRUWHG DQG
YHULILHGSUHYLRXVO\EXWQRGDWDKDYHEHHQDYDLODEOHZLWK UHJDUG WR WKHQRUPDO UDQJHRI
ORFDO

29P   LQ UHODWLRQ WR $77:LWK RXU GDWD VHW ZH ZHUH DEOH WR REWDLQ UHIHUHQFH
YDOXHV IRU WKH DPRXQWV E\ ZKLFK

29P   DQG )%) YDOXHV DUH OLNHO\ WR IDOOULVH ZLWK
LQFUHDVLQJ$777KLV LVRIJUHDW LPSRUWDQFH IRU WKHGHWHUPLQDWLRQRI DEQRUPDO

29P  
DQG)%)YDOXHVIRUH[DPSOHLQSDWLHQWVZLWKGLVRUGHUVRI2GHOLYHU\HJKHDUWIDLOXUHRU
SHULSKHUDO YDVFXODU GLVHDVH RU 2 FRQVXPSWLRQ HJ PHWDEROLF DQG PLWRFKRQGULDO
P\RSDWKLHV )XUWKHUPRUH ZLWK WKLV GDWD LW LV QRZ SRVVLEOH WR FRPSDUH VXEMHFWV ZLWK
YDULRXV$77 YDOXHV E\ QRUPDOLVLQJ WKH GDWD XVLQJ WKH HTXDWLRQ RI WKH UHJUHVVLRQ OLQH
:KHQZHLQFOXGHGRWKHUGDWDIURPRXUODERUDWRU\DQGWKHFRQYHUWHGGDWDIURP%LQ]RQLHW
DO>%LQ]RQLHWDO@VNLQIROGWKLFNQHVVGLYLGHGE\1LZD\DPDHWDO>1LZD\DPDHW
DO @ DQG<DPDPRWR HW DO ><DPDPRWR HW DO @  SUDFWLFDOO\ DOO GDWD SRLQWV IHOO
ZLWKLQ WKH UHIHUHQFH UDQJHV IURP RXU GDWD VHW )LJ  $OWKRXJK WKH XQLWV XVHG LQ WKH
VWXG\RI<DPDPRWRHWDO><DPDPRWRHWDO@ZHUHQRWVSHFLILHGWKHUDWHRIGHFUHDVH
LQDEVRUEDQFHRI>2+E@DVDIXQFWLRQRI$77LVFRPSDUDEOHZLWKRXUUHVXOWV+DOIRIWKH
GDWDSRLQWVIURPWKHVWXG\RI1LZD\DPDHWDO>1LZD\DPDHWDO@IHOOMXVWRXWVLGHWKH
XSSHUUHIHUHQFHOLQHEXWVWLOOFRQILUPHGWKHUHODWLRQVKLSEHWZHHQ$77DQG

29P  7KH
VDPHWUHQGRIDGHFUHDVHLQ

29P  ZLWKLQFUHDVLQJ$77ZDVVWLOOSUHVHQWGXULQJH[HUFLVH
EXWWKHFRUUHODWLRQGHFUHDVHGGXHWRDQRYHUDOOLQFUHDVHLQYDULDELOLW\
,QFRQWUDVW WR WKHFOHDUFRUUHODWLRQEHWZHHQ$77DQG

29P   WKHUHZDVRQO\DZHDN
UHODWLRQVKLS EHWZHHQ$77 DQG)%)7KLVZHDN FRUUHODWLRQZDV LQYHUVH VXFK WKDW)%)
LQFUHDVHGZLWKLQFUHDVLQJ$777KLVLVLQDJUHHPHQWZLWK&RSSDFNHWDO>&RSSDFNHWDO
D&RSSDFNHWDO@ZKRIRXQGDKLJKHUEORRGIORZLQDGLSRVHWLVVXHDVFRPSDUHG
ZLWK WKDW LQ PXVFOH LQ WZR VHSDUDWH VWXGLHV 6NLQ YDVFXODULVDWLRQ FDQ EH DEXQGDQW DQG
PLJKW WKHUHIRUH LQFUHDVH WKH FRQIRXQGLQJ HIIHFW+RZHYHU LQWHUIHUHQFH RI VNLQ EORRG
IORZ ZLWK 1,56 PHDVXUHPHQWV LV WKRXJKW WR EH QHJOLJLEOH   ZKHQ VRXUFH DQG
GHWHFWRUDUHVHSDUDWHGE\PRUHWKDQPP>+DPSVRQHWDO@
$OWKRXJKQRQHRIWKHVXEMHFWVKDGFRQVXPHGDODUJHPHDOEHIRUHWKHWHVWZHGLGQRW
WDNH WKH PHWDEROLF VWDWH RI HDFK LQGLYLGXDO VXEMHFW LQWR DFFRXQW EHFDXVH RI SUDFWLFDO
OLPLWDWLRQV ,W KDV EHHQ IRXQG WKDW VXEFXWDQHRXV DGLSRVH WLVVXH EORRG IORZ LQFUHDVHG
ZLWKLQPLQDIWHUDPL[HGPHDO>&RSSDFNHWDOD@RUDJOXFRVHORDG>6LPRQVHQHWDO
@EXWDVOLJKWGHFOLQHDIWHUDJOXFRVHLQIXVLRQKDVDOVREHHQUHSRUWHG>&RSSDFNHWDO
@)RUIRUHDUPEORRGIORZWKHUHLVOLWWOHRUQRHIIHFWDIWHUDPL[HGPHDO>&RSSDFNHW
DOD&RSSDFNHWDO@$VIRU2FRQVXPSWLRQVXEFXWDQHRXVDGLSRVHWLVVXH2
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Fig. 4 Combined data supporting the confounding effect of ATT on NIRS 2OVm   
measurements. Data from the present study (black circles) are shown, along with data 
from other studies in our laboratory (n=27; grey circles) and from Binzoni et al. 1998 (É), 
Yamamoto et al. 1999 (*), and Niwayama et al. 1998 (Å). All data are presented in units 
of mlO2⋅min-1⋅100g-1, except the data from Yamamoto et al. 1999, which are presented in 
∆OD[O2Hb](min-1), where OD represents absorbance. 

FRQVXPSWLRQZDVUHSRUWHGWRLQFUHDVHDIWHUDPHDORUDJOXFRVHORDGGRXEOLQJZLWKLQ
PLQ>&RSSDFNHWDOD6LPRQVHQHWDO@0XVFOH2FRQVXPSWLRQDOVRLQFUHDVHG
DIWHU D PHDO EXW WR D VPDOOHU H[WHQW WKDQ LQ DGLSRVH WLVVXH >&RSSDFN HW DO D@
$OWKRXJKWKHSRVWSUDQGLDOHIIHFWVGHVFULEHGLQWKHVHVWXGLHVDUHEDVHGRQUHVSRQVHVDIWHU
ORQJQRQSK\VLRORJLFDOIDVWLQJWLPHVWKHHIIHFWRIIRRGLQWDNHRQDGLSRVHWLVVXHDQGWRD
OHVVHU H[WHQWRQPXVFOH WLVVXHPLJKW VWLOOEH VXEVWDQWLDOO\ ,Q WKLV OLJKWRXU

29P   DQG
)%) YDOXHV PLJKW EH VOLJKWO\ ELDVHG +RZHYHU VLQFH WKH DLP RI RXU VWXG\ ZDV WR
LQYHVWLJDWHWKHLQIOXHQFHRI$77RQ1,56PHDVXUHPHQWVSRVWSUDQGLDOHIIHFWVZRXOGQRW
FKDQJHRXUILQGLQJVEXWDUHOLNHO\WRUHVXOWLQFKLHIO\KLJKHUYDULDELOLW\ZLWKLQWKHJURXS
7KH SUHVHQW VWXG\ DOVR GHPRQVWUDWHG GLIIHUHQFHV EHWZHHQ IHPDOH DQGPDOH VXEMHFWV
8QOLNH )%) DOO

29P   YDOXHVZHUH VLJQLILFDQWO\ ORZHU LQ IHPDOH WKDQ LQPDOH VXEMHFWV
7DEOH )XUWKHUPRUH DSDUW IURP WKH H[SHFWHGJHQGHU GLIIHUHQFHV VXFK DVKHLJKW DQG
ZHLJKWZHDOVRIRXQGDVLJQLILFDQWGLIIHUHQFHVLQ$77DQG09&EHWZHHQWKHVH[HV$77
LQIHPDOHVXEMHFWVZDV±PPVLJQLILFDQWO\JUHDWHUWKDQWKDWLQPDOHVXEMHFWV±
PP $V FDQEH VHHQ LQ)LJ $ WKHUH LV DGLVWLQFW VHSDUDWLRQRI IHPDOH DQGPDOH
VXEMHFWV EDVHG RQ $77 ZLWK YHU\ OLWWOH RYHUODS 7KHUHIRUH ZH FRQFOXGH WKDW WKH
GLIIHUHQFHLQ

29P  IRXQGEHWZHHQWKHVH[HVFDQEHH[SODLQHGE\WKHGLIIHUHQFHLQ$77
7KLV LV VXSSRUWHG E\ WKH GLIIHUHQW YDOXHV IRU’3) WKDW KDYHEHHQ IRXQG IRUPHQ DQG
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ZRPHQLQVHYHUDOVWXGLHV>’XQFDQHWDO(VVHQSUHLVHWDOYDQGHU=HHHWDO
@
’XULQJH[HUFLVH

29P  PLJKWDOVREHLQIOXHQFHGE\WKHFRQWUDFWLRQIRUFH09&IRUFH
LQIHPDOHVXEMHFWVZDV±1VLJQLILFDQWO\ ORZHUWKDQWKDW LQPDOHVXEMHFWV±
 1 6LQFH 09& DQG

29P   ZHUH ERWK ORZHU LQ IHPDOH VXEMHFWV 09& FDQ
WKHRUHWLFDOO\ EH FRQVLGHUHG DV DQRWKHU SRWHQWLDO FRQIRXQGHU IRU WKH PHDVXUHPHQW RI

29P   GXULQJ H[HUFLVH DV OHVV DEVROXWH IRUFH SURGXFHG PLJKW UHVXOW LQ ORZHU 2
FRQVXPHG+RZHYHU WKLV LVQRW OLNHO\EHFDXVHQRFRUUHODWLRQZDVIRXQGEHWZHHQ09&
DQG

29P  LQPDOHVXEMHFWVU 3 RULQIHPDOHVXEMHFWVU 3 ,Q
DGGLWLRQQRFRUUHODWLRQZDV IRXQGEHWZHHQ09&DQG$77 LQ IHPDOH VXEMHFWV U 
3 RULQPDOHVXEMHFWVU 3 
,QFRQFOXVLRQ WKHSUHVHQWUHVXOWVVXJJHVW WKDW$77LVD VXEVWDQWLDOFRQIRXQGHURQLQ
YLYR1,56PHDVXUHPHQWVDQGWKDWLWLVHVVHQWLDOWRLQFRUSRUDWHWKLVIDFWRULQIXWXUH1,56
PXVFOH VWXGLHV LQ RUGHU WR IXOO\ H[SORLW WKH SRVVLELOLWLHV RI 1,56 DQG WR MXVWLI\
FRPSDULVRQVEHWZHHQYDULRXVJURXSV

 

2[LGDWLYHDQGDQDHURELFVNHOHWDOPXVFOHPHWDEROLVP
VLPXOWDQHRXVO\PHDVXUHGE\1,56DQG3056
LQKHDOWK\VXEMHFWVDQGSDWLHQWVZLWK)ULHGUHLFKDWD[LD

9DQ%HHNYHOW0&30OOHU.&ROLHU:1-09DQ(QJHOHQ%*0
:HYHUV5$6FK|OV/9RUJHUG0=DQJH-

6XEPLWWHGIRUSXEOLFDWLRQ

 
SUMMARY 
Near-infrared spectroscopy (NIRS) and phosphorus magnetic 
resonance spectroscopy (31P-MRS) have been used in this study as 
complementary methods for the investigation of in vivo skeletal 
muscle metabolism, measured simultaneously and within the same 
volume of interest. In order to investigate the differences and 
similarities between both techniques, we studied muscle function in 
normal controls and a group of Friedreich ataxia (FRDA) patients in 
which mitochondrial function is thought to be impaired. Eleven healthy 
subjects and fifteen FRDA patients were tested during 2 phases of 3 
min aerobic and ischemic isometric exercise and subsequent 
recovery. Immediately after the start of both exercise phases, a rapid 
deoxygenation and depletion of phosphocreatine (PCr) was found, 
accompanied by a moderate increase in the intracellular pH (pHi). 
Subsequently, pHi decreased indicating lactic acid formation during 
anaerobic glycolysis, while the rate of deoxygenation and PCr 
depletion slowed down. The results show that oxidative 
phosphorylation during exercise was present, even during ischemia 
when O2 stores were thought to be depleted. Similar responses in 
NIRS and 31P-MRS were found for FRDA patients and controls. 
Although PCr recovery after cessation of exercise was significantly 
delayed in FRDA, NIRS showed no indication for an impaired oxygen 
consumption. Our data are suggestive for either partial uncoupling of 
the electron-transport chain or reduced ATP synthesis at the level of 
complex V (ATPsynthase), the adenine nucleotide translocator (ANT), 
or mitochondrial creatine kinase. The results of this study 
demonstrated the additional value of NIRS in the complementary use 
with 31P-MRS for the investigation of in vivo muscle metabolism 
enabling both oxidative and anaerobic processes to be measured 
noninvasively and simultaneously within the same muscle area. 

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INTRODUCTION  
,QYHVWLJDWLRQRILQYLYRPXVFOHPHWDEROLVPKDVPDGHDODUJHSURJUHVVRYHUWKHODVWGHFDGHV
GXHWRWKHGHYHORSPHQWRIYDULRXVWHFKQLTXHVHQDEOLQJUHJLRQDOPHDVXUHPHQWVLQDGGLWLRQ
WRZKROHERG\PHDVXUHPHQWV:KHUHDVWKHILUVWDYDLODEOHORFDOWHFKQLTXHVOLNHEORRGDQG
PXVFOHELRSV\VDPSOHVDUH LQYDVLYHDQGSURYLGHDVWDWLFYLHZRQPXVFOHSK\VLRORJ\DWD
JLYHQWLPHSRLQWLWLVQRZSRVVLEOHWRJHWDQRQLQYDVLYH·RQOLQHµYLHZLQWKHLQWDFWDQG
ZRUNLQJ KXPDQ EHLQJ 3KRVSKRUXV PDJQHWLF UHVRQDQFH VSHFWURVFRS\ 3056 KDV
GHYHORSHGRYHUWKHODVWWKUHHGHFDGHVDVD·JROGVWDQGDUGµIRUQRQLQYDVLYHPHDVXUHPHQW
RI VNHOHWDOPXVFOHPHWDEROLVPGXULQJ H[HUFLVH DQG UHFRYHU\PRQLWRULQJ WKH NLQHWLFV RI
LQWUDPXVFXODU KLJKHQHUJ\ SKRVSKDWHV DQG S+ 1HDULQIUDUHG VSHFWURVFRS\ 1,56 DV
DQRWKHU QRQLQYDVLYH WHFKQLTXH LV D FRQWLQXRXV DQG GLUHFW RSWLFDOPHWKRG HQDEOLQJ WKH
PHDVXUHPHQWRIR[\JHQDWLRQDQGKDHPRG\QDPLFVLQPXVFOHWLVVXHE\PRQLWRULQJFKDQJHV
LQR[\JHQDWHGDQGGHR[\JHQDWHGKHPHJURXSVKDHPRJORELQP\RJORELQ,WKDVVKRZQWR
EH D VHQVLWLYH WRRO WKDW FDQ GHWHFW ORFDO GLIIHUHQFHV LQ PXVFOH R[\JHQ FRQVXPSWLRQ


29P   DQGGHOLYHU\ >9DQ%HHNYHOW HW DO E@ EHWZHHQPXVFOHV DW GLIIHUHQW DFWLYLW\
OHYHOVZLWKLQWKHVDPHUHJLRQ
3056 PRQLWRUV WKH LQWUDFHOOXODU KLJK HQHUJ\ SKRVSKDWHV DQG S+ ZKLOH 1,56
UHIOHFWVWKHEDODQFHEHWZHHQR[\JHQGHOLYHU\DQGFRQVXPSWLRQDQGJLYHVGLUHFWLQVLJKWLQ
WKH R[\JHQDWLRQ VWDWH RI WKH ORFDO YDVFXODU V\VWHP KDHPRJORELQ DQG WKH PXVFOH FHOO
P\RJORELQ 7KHUHIRUH VLPXOWDQHRXV XVH RI 3056 DQG 1,56 DV FRPSOHPHQWDU\
PHWKRGVKDVDKLJKSRWHQWLDO LQHVWDEOLVKLQJD UHOLDEOHFRPSUHKHQVLYHSLFWXUHRIPXVFOH
PHWDEROLVP LQ YLYR >&HUUHWHOOL HW DO @ ,Q WKLV VWXG\ZHKDYH XVHG WKH VLPXOWDQHRXV
PHDVXUHPHQWRI3056DQG1,56 DSSOLHGDSSUR[LPDWHO\ZLWKLQ WKH VDPHYROXPHRI
LQWHUHVWGXULQJH[HUFLVHDQGUHFRYHU\WR LQYHVWLJDWH WKHFRPSOHPHQWDU\EHQHILWVRIERWK
PHWKRGV LQPRQLWRULQJDQDHURELF DQGR[LGDWLYHSDWKZD\V:HKDYH LQYHVWLJDWHGPXVFOH
PHWDEROLVPLQQRUPDOFRQWUROVDVZHOODVLQ)ULHGUHLFKSDWLHQWV)ULHGUHLFK$WD[LD)5’$
LV DQ DXWRVRPDO UHFHVVLYH QHXURGHJHQHUDWLYH GLVRUGHU FKDUDFWHULVHG E\ DQ H[SDQGHG
*$$Q WULQXFOHRWLGH UHSHDW LQ LQWURQ  RI WKH IUDWD[LQ JHQH RQ FKURPRVRPH T
>&DPSX]DQR HW DO @ ,W LV WKH PRVW FRPPRQ KHUHGLWDU\ DWD[LD RFFXUULQJ ZLWK D
IUHTXHQF\RILQLQWKH&DXFDVLDQSRSXODWLRQ)UDWD[LQLVDVVRFLDWHGZLWKWKHLQQHU
PHPEUDQHRIWKHPLWRFKRQGULDDQGPXWDWLRQVLQWKHIUDWD[LQJHQHDUHWKRXJKWWROHDGWR
LPSDLUHG PLWRFKRQGULDO IXQFWLRQ 8VLQJ 3056 DQ LPSDLUPHQW LQ WKH UDWH RI
PLWRFKRQGULDO $73 IRUPDWLRQ LQ )5’$ KDV EHHQ UHSRUWHG FKDUDFWHULVHG E\ D GHOD\HG
R[LGDWLYH3&UUHFRYHU\DIWHUH[HUFLVH>/RGLHWDO9RUJHUGHWDO@
7KH DLPRI WKLV VWXG\ZDV WR LQYHVWLJDWH WKH FKURQRORJLFDO IHDWXUHV RI R[LGDWLYH DQG
DQDHURELF SURFHVVHV GXULQJ H[HUFLVH DQG UHFRYHU\ E\ VLPXOWDQHRXV XVH RI3056 DQG
1,56PHDVXUHGZLWKLQWKHVDPHYROXPHRILQWHUHVW:HFRPSDUHGKHDOWK\VXEMHFWVZLWK
)ULHGUHLFKDWD[LDSDWLHQWVVXVSHFWHGWRKDYHPLWRFKRQGULDOG\VIXQFWLRQDQGK\SRWKHVLVHG
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WKDW WKHFRPSOHPHQWDU\XVHRI1,56DQG3056ZRXOG UHYHDO WKH ORFDOLVDWLRQRI WKH
IXQFWLRQDOOLPLWDWLRQRIPXVFOHPHWDEROLVPLQ)5’$

MATERIALS AND METHODS 
Subjects  
(OHYHQ KHDOWK\ YROXQWHHUV  IHPDOH PDOH SDUWLFLSDWHG LQ WKLV VWXG\ 7KH VWXG\ ZDV
DSSURYHGE\WKH(WKLFV&RPPLWWHHRIWKH5XKU8QLYHUVLW\%RFKXPDQGDOOVXEMHFWVJDYH
WKHLUZULWWHQLQIRUPHGFRQVHQW7KHDYHUDJH6’FKDUDFWHULVWLFVRIWKHVXEMHFWVZHUH
\ULQDJHFPLQKHLJKWDQGNJLQZHLJKW)LIWHHQDPEXODWRU\)5’$
SDWLHQWV  IHPDOHPDOH IURP WKLUWHHQIDPLOLHVKRPR]\JRXV IRU WKH *$$QUHSHDW
H[SDQVLRQLQWKHIUDWD[LQJHQHSDUWLFLSDWHGLQWKLVVWXG\DJH\UKHLJKW
FPDQGZHLJKWNJ*HQHWLF WHVWLQJ IRU)5’$ZDVSHUIRUPHG IURPSHULSKHUDO
EORRG O\PSKRF\WHV DV SUHYLRXVO\GHVFULEHG>(SSOHQ HW DO @ 6NLQIROG WKLFNQHVVZDV
PHDVXUHGEHWZHHQWKH1,56RSWRGHVXVLQJDVNLQIROGFDOLSHU +ROWDLQ/WG&U\PP\FK
8.DQGGLYLGHGE\WRGHWHUPLQHWKHDGLSRVHWLVVXHWKLFNQHVV$77 IDWVNLQOD\HU
FRYHULQJWKHPXVFOH

The standardised calf muscle metabolism test 
7KHVXEMHFWVOD\LQVXSLQHSRVLWLRQZLWKWKHXSSHUERG\LQDQXSZDUGDQJOHRI°7KH
IRRWZDV IL[HGRQDSHGDOHUJRPHWHUGHVLJQHGIRU LVRPHWULFSODQWDUIOH[LRQH[HUFLVH7KH
DQJOH EHWZHHQ WKH SHGDO DQG WKH KRUL]RQWDO SODQH ZDV ° )RUFH ZDV UHFRUGHG
FRQWLQXRXVO\ DQG GLVSOD\HG YLVLEO\ IRU WKH SDWLHQW 7KH ULJKW FDOI ZDV SODFHG RQ D FDOI
KROGHUZLWK DQ LQWHJUDWHG UDGLRIUHTXHQF\ VXUIDFH FRLO0D[LPXPYROXQWDU\ FRQWUDFWLRQ
IRUFH09&ZDVGHWHUPLQHGDVWKHEHVWRIWKUHHFRQWUDFWLRQVRIVGXUDWLRQZLWKPLQ
UHFRYHU\ LQ EHWZHHQ (QHUJ\ PHWDEROLVP ZDV PRQLWRUHG GXULQJ WKH IROORZLQJ H[HUFLVH
SURWRFROPLQUHVWPLQ09&PLQUHVWPLQUHVWDUWHULDORFFOXVLRQPLQ
09&DUWHULDORFFOXVLRQPLQUHVW$UWHULDORFFOXVLRQZDVDSSOLHGXVLQJDQDLU
FXIISODFHGDURXQGWKHORZHUSDUWRIWKHULJKWWKLJK)RUWKHDSSOLFDWLRQRILVFKHPLDWKH
FXII ZDV UDSLGO\ LQIODWHG WR  PP+J XVLQJ FRPSUHVVHG DLU $W WKH HQG RI
FRQWUDFWLRQ RU LQ FDVH RI HPHUJHQF\ WKH FXII FRXOG EH GHIODWHGZLWKLQ VHFRQGV E\ WKH
VXEMHFWRUWKHREOLJDWRULO\DFFRPSDQ\LQJSHUVRQ

31P magnetic resonance spectroscopy and energy metabolism 
7KH 05 VSHFWUD RI WKH FDOI ZHUH REWDLQHG ZLWK D  7HVOD FP KRUL]RQWDO ERUH
VSHFWURPHWHU%UXNHU%LRVSHF%UXNHU0HGL]LQWHFKQLN(WWOLQJHQ*HUPDQ\XVLQJ
D FP GLDPHWHU +3 VXUIDFH FRLO SODFHG XQGHU WKH ULJKW FDOI RQ WRS RI WKH
JDVWURFQHPLXVPXVFOH7KHUHVRQDQFHIUHTXHQFLHVZHUH0+]IRU+DQG0+]IRU
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3+05VSHFWUDZHUHXVHGWRRSWLPLVHPDJQHWLFILHOGKRPRJHQHLW\VKLPPLQJ$OLQH
KDOIZLGWK ORZHU WKDQ+] IRU WKHZDWHU VLJQDOZDV DFFHSWHG ,Q WKH H[DPLQDWLRQVRI
PRVW FRQWUROV DYDOXHRI +]ZDV UHDFKHG$QH[LWDWLRQ UDGLR IUHTXHQF\ 5)SXOVH
OHQJWKRIµVZDVXVHGIRU305VSHFWURVFRS\7KHIOLSDQJOHZDV°DWWKHFHQWUH
RIWKHFRLO)RUHDFKVSHFWUXPIUHHLQGXFWLRQGHFD\V),’VZHUHDFTXLUHGLQV7KH
YHFWRUVL]HZDVGDWDSRLQWV,QSDWLHQWVZLWK)5’$KDOIZLGWKVRIWKHZDWHUVLJQDO
ZHUH EHWZHHQ  DQG +]EHFDXVH RI ODUJHPDJQHWLF ILHOG LQKRPRJHQHLWLHV ),’V
ZHUHDFFXPXODWHGZLWKLQVIRUHDFKVSHFWUXPWRREWDLQDJRRGVLJQDOWRQRLVHUDWLR
6SHFWUDZHUHHYDOXDWHG IRU3&U3L WKHEHWDSRVLWLRQRI WKHSKRVSKDWH LQ$73DQGIRU
SKRVSKRPRQRHVWHUV 30( 7KH DUHD XQGHU HDFK SHDN ZDV FRUUHFWHG IRU SDUWLDO VSLQ
VDWXUDWLRQ0HWDEROLWH WLVVXHOHYHOVZHUHJHQHUDOO\JLYHQLQSHUFHQWRI >3&U@DW LQLWLDOUHVW
>3&U@L7KHLQWUDFHOOXODUS+ZDVGHWHUPLQHGE\WKHFKHPLFDOVKLIWRIWKH3LSHDNδLQ
SSP UHODWLYH WR3&U >S+  ORJδ   δ@ >7D\ORUHW DO @7KH
UHVRQDQFHIUHTXHQF\RIWKH3&UVLJQDOZDVGHILQHGDVSSP

Near-infrared Spectroscopy (NIRS) 
1,56LVEDVHGRQWKHUHODWLYHWLVVXHWUDQVSDUHQF\IRUOLJKWLQWKHQHDULQIUDUHGUHJLRQDQG
RQ WKH R[\JHQGHSHQGHQW DEVRUSWLRQ FKDQJHV RI KDHPRJORELQ DQGP\RJORELQ8VLQJ D
FRQWLQXRXVZDYH QHDULQIUDUHG VSHFWURSKRWRPHWHU 2[\PRQ %LRPHGLFDO (QJLQHHULQJ
’HSDUWPHQW8QLYHUVLW\RI1LMPHJHQ1/WKDWJHQHUDWHVOLJKWDWDQGQPLW
LV SRVVLEOH WR GLIIHUHQWLDWH EHWZHHQ R[\ DQG GHR[\KDHPRJORELQP\RJORELQ
2+E20EDQG++E+0E UHVSHFWLYHO\’XH WR WKH RYHUODSRI WKH VSHFWUXP LW LV
QRW SRVVLEOH WR GLVWLQJXLVK EHWZHHQ KDHPRJORELQ DQG P\RJORELQ 7KH FKDQJHV LQ
DEVRUSWLRQDWWKHGLVFUHWHZDYHOHQJWKVDUHFRQYHUWHGLQWRFRQFHQWUDWLRQFKDQJHVRI2+E
DQG ++E XVLQJ D PRGLILHG /DPEHUW%HHU ODZ LQ ZKLFK D SDWKOHQJWK IDFWRU LV
LQFRUSRUDWHGWRFRUUHFWIRUVFDWWHULQJRISKRWRQVLQWKHWLVVXH$IL[HGYDOXHRIIRUWKH
GLIIHUHQWLDO SDWKOHQJWK IDFWRU ’3) ZDV XVHG WR FDOFXODWH DEVROXWH FRQFHQWUDWLRQ
FKDQJHV7KH1,56RSWRGHVZHUHSODFHGLQWKHFDOIKROGHUZLWKDQLQWHURSWRGHGLVWDQFH
RI  PP DQG ZLWKLQ WKH LQWHJUDWHG UDGLRIUHTXHQF\ VXUIDFH FRLO IRU WKH 3056
PHDVXUHPHQWV7KLVZD\1,56 DQG3056FRXOGEHPHDVXUHG VLPXOWDQHRXVO\ DQG DW
WKHVDPHSODFHRQWRSRIWKHJDVWURFQHPLXVPXVFOH
2+EDQG++EZHUH VDPSOHGDW+]7RWDOKDHPRJORELQ W+EZDVFDOFXODWHGDV
WKHVXPRI2+EDQG++EDQGUHIOHFWVFKDQJHVLQEORRGYROXPH$OOWKUHHVLJQDOVZHUH
GLVSOD\HG UHDOWLPH DQG VWRUHGRQGLVN IRU RIIOLQH DQDO\VLV ,Q RUGHU WR FRPSDUH1,56
VLJQDOVZLWK3056VLJQDOV UDZ1,56VLJQDOVZHUH UHVDPSOHG WR+]DQGDYHUDJHG
SHU JURXS1,56PXVFOH R[\JHQ FRQVXPSWLRQ 

29P  ZDV FDOFXODWHG IURP WKH VLJQDO
VDPSOHGDW+]

29P  DWUHVWZDVFDOFXODWHGGXULQJDUWHULDORFFOXVLRQIURPWKHUDWHRI
OLQHDUGHFUHDVHLQ2+E/LNHZLVH 29P  GXULQJH[HUFLVHZDVFDOFXODWHGIURPWKHUDWHRI
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OLQHDUGHFUHDVHLQ2+ELPPHGLDWHO\DIWHUWKHVWDUWRIH[HUFLVHDQGRQFRQGLWLRQWKDWW+E
ZDVFRQVWDQW&RQFHQWUDWLRQFKDQJHVRI2+EZHUHH[SUHVVHGLQ0ˆVDQGFRQYHUWHGWR
PO2⋅PLQ⋅J XVLQJ D YDOXH RI  NJ⋅/ IRU PXVFOH GHQVLW\ (QGH[HUFLVH 2+E
GHR[\JHQDWLRQZDVDOVRFDOFXODWHGIURPWKHUDZVLJQDODQGGHWHUPLQHGE\WKHDPRXQWRI
2+EGHR[\JHQDWLRQLQ0IURPSUHH[HUFLVHEDVHOLQHWRHQGH[HUFLVHDHURELFH[HUFLVH
DQG IURP SUHRFFOXVLRQ EDVHOLQH WR HQGH[HUFLVH LVFKHPLF H[HUFLVH 7KH τYDOXH IRU
2+EUHFRYHU\DIWHUH[HUFLVHZDVFDOFXODWHGLQVLPLODUZD\DVWKHτYDOXHIRU3&UUHFRYHU\
XVLQJDPRQRH[SRQHQWLDOFXUYHILW

Statistics 
’DWDDUHSUHVHQWHGDVPHDQ±6’’LIIHUHQFHVLQ3056DQG1,56YDULDEOHVEHWZHHQ
)5’$ DQG FRQWUROV DQG EHWZHHQ DHURELF DQG LVFKHPLF H[HUFLVH ZHUH DQDO\VHG E\ WKH
DSSURSULDWH6WXGHQW
VWWHVW$:HOFKWHVWZDVXVHGLQFDVHWKHVWDQGDUGGHYLDWLRQLQERWK
JURXSVZDVQRWHTXDO’LIIHUHQFHVLQ

29P  DQGLQWUDFHOOXODUS+DWUHVWDHURELFH[HUFLVH
DQGLVFKHPLFH[HUFLVHZHUHDQDO\VHGE\UHSHDWHGPHDVXUHVDQDO\VLVRIYDULDQFH$129$
DQG DQ\ GLIIHUHQFHV ZHUH IXUWKHU DQDO\VHG ZLWK 6WXGHQW1HZPDQ .HXOV SRVWKRF WHVW
’LIIHUHQFHVRI3ZHUHFRQVLGHUHGDVVWDWLVWLFDOO\VLJQLILFDQW
RESULTS  
1RVLJQLILFDQWGLIIHUHQFHVZHUHIRXQGIRUDJH3 KHLJKW3 RUZHLJKW3 
 EHWZHHQ FRQWURO VXEMHFWV DQG )5’$ SDWLHQWV $GLSRVH WLVVXH WKLFNQHVV $77
EHWZHHQWKH1,56RSWRGHVUDQJHGIURP†PPLQWKHFRQWUROJURXSPHDQ±6’
 ±  PP DQG IURP  †  PP LQ )5’$  ±  PP 7KHUH ZDV QR
VLJQLILFDQWGLIIHUHQFHLQ$77EHWZHHQERWKJURXSV3 7KHPD[LPXPYROXQWDU\
FRQWUDFWLRQIRUFH09&ZDV±1LQWKHFRQWUROVDQG±1LQ)5’$3
 

NIRS vs. 31P-MRS in healthy subjects 
)LJ$VKRZVWKH1,562+E++EDQGW+EWUDFLQJVPHDVXUHGFRQWLQXRXVO\LQDQ
LQGLYLGXDOFRQWUROVXEMHFWGXULQJWKHFRPSOHWHWHVW)LJ%VKRZVWKHDFFRPSDQ\LQJ3&U
WUDFLQJ VLPXOWDQHRXVO\ PHDVXUHG E\ 3056 ,PPHGLDWHO\ DIWHU WKH VWDUW RI H[HUFLVH
WKHUH ZDV D UDSLG GHR[\JHQDWLRQ LQGLFDWHG E\ WKH GHFUHDVH RI 2+E DQG FRQFXUUHQW
LQFUHDVH RI ++E $W WKH VDPH WLPH EORRG YROXPH GHFUHDVHG DEUXSWO\ ZLWKLQ WKH ILUVW
VHFRQGV EXW VWD\HG FRQVWDQW GXULQJ WKH UHPDLQGHU RI WKH FRQWUDFWLRQ SHULRG  3&U
GHSOHWLRQRFFXUUHGDOVRLPPHGLDWHO\IURPWKHVWDUWRIH[HUFLVH$K\SHUDHPLFUHVSRQVHLQ
1,56VLJQDOVZDVVHHQDIWHUFHVVDWLRQRIH[HUFLVH LQGLFDWHGE\DUDSLGLQFUHDVHLQEORRG
YROXPHDERYHSUHH[HUFLVH OHYHOVDQGUHVXOWLQJ LQ UHR[\JHQDWLRQZLWK2+EUHSOHQLVKHG
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Fig. 1. Individual, simultaneously measured signals for near-infrared spectroscopy (NIRS) 
and phosphorus magnetic resonance spectroscopy (31P-MRS) during aerobic and 
ischemic exercise and its recovery in a healthy volunteer. A) NIRS. Oxyhemoglobin 
(O2Hb), deoxyhaemoglobin (HHb), and total haemoglobin (tHb) signals measured at 20 
Hz and displayed real-time on screen. B) 31P-MRS. Simultaneously measured 
phosphocreatine (PCr) tracing at 0.1 Hz. The grey bar represents the periods of 
sustained isometric exercise at 30% of the individual maximum voluntary contraction 
force (MVC). The black bar represents the period of arterial occlusion. 

DQG ++E ZDVKHG RXW 3&U DOVR UHFRYHUHG TXLFNO\ EXW ZLWKRXW DQ RYHUVKRRW ’XULQJ
DUWHULDO RFFOXVLRQ DW UHVW 2+E GHFUHDVHG OLQHDUO\ ZLWK D FRQFXUUHQW OLQHDU LQFUHDVH LQ
++EDIWHU W+EKDG VWDELOLVHG1RFKDQJH LQ3&UZDVVHHQGXULQJ WKHRFFOXVLRQDW UHVW
7KH VWDUW RI WKH LVFKHPLF FRQWUDFWLRQSHULRG GHYHORSHG LQ D VLPLODUZD\ DV WKH DHURELF
FRQWUDFWLRQ SHULRG EXW WKH IDVW LQLWLDO GHR[\JHQDWLRQ ZDV VKRUWHU LQ WLPH DQG UDSLGO\
IROORZHGE\D VORZHUGHR[\JHQDWLRQUDWHDQG ILQDOO\DSODWHDX LQ2+EDQG++E3&U
GHSOHWLRQ GXULQJ LVFKHPLF H[HUFLVH ZDV PRUH SURQRXQFHG DQG IDVWHU WKDQ WKDW GXULQJ
DHURELF H[HUFLVH$ IDVW UHFRYHU\RI1,56 DQG3&U WUDFLQJVZDV VHHQ DIWHU FHVVDWLRQRI
H[HUFLVHDQGRFFOXVLRQ
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6LPLODUUHVSRQVHVZHUHIRXQGIRUWKHRYHUDOOJURXS)LJDOWKRXJKLQGLYLGXDOWUDFLQJV
YDULHG )LJ  VKRZV WKH PHDQ YDOXHV ± 6’ IRU 1,56 2+E ++E DQG W+E LQ WKH
FRQWUROV DIWHU UHVDPSOLQJ WKH LQGLYLGXDO VLJQDOV WR  +] LQ RUGHU WR HTXDO WKH WLPH
UHVROXWLRQ RI 056 $V GHVFULEHG DERYH 1,56 VKRZHG D UDSLG GHR[\JHQDWLRQ GXULQJ
H[HUFLVHDQGDUDSLGUHR[\JHQDWLRQDIWHUFHVVDWLRQRIH[HUFLVH%ORRGYROXPHZDVFRQVWDQW
GXULQJRFFOXVLRQDQGERWKH[HUFLVHSKDVHVDSDUWIURPDVPDOO LQLWLDOGURSDW WKHVWDUWRI
H[HUFLVH $W WKH HQG RI WKH  PLQ RFFOXVLRQ DW UHVW 2 VWRUHV ZHUH QRW FRPSOHWHO\
GHSOHWHG VLQFH 2+E GHFUHDVHG IXUWKHU GXULQJ WKH IROORZLQJ LVFKHPLF H[HUFLVH SKDVH
(YHQGXULQJ LVFKHPLFH[HUFLVHQRSODWHDX LQ2+EZDV UHDFKHG LQRI WKHFRQWURO
VXEMHFWV,QVWHDGWKHVHVXEMHFWVVKRZHGDVORZEXWSHUVLVWHQWGHR[\JHQDWLRQXQWLOWKHHQG
RIH[HUFLVHLQGLFDWLQJWKDWWKHWLPHRIRFFOXVLRQDQGLVFKHPLFH[HUFLVHZDVLQVXIILFLHQWIRU
FRPSOHWH GHSOHWLRQ RI 2+E ,Q WKH RWKHU  D SODWHDX ZDV RQO\ UHDFKHG DIWHU DQ
DYHUDJHWLPHRIóPLQRILVFKHPLFH[HUFLVH
7KHPHDQ3&UVLJQDOIRUWKHFRQWUROV)LJ%ZDVDOVRFRPSDUDEOHZLWKWKHLQGLYLGXDO
VLJQDO DV GHVFULEHG DERYH ZLWK D GHSOHWLRQ GXULQJ LVFKHPLF H[HUFLVH WKDW ZDV PRUH
SURQRXQFHG DQG IDVWHU WKDQ WKDW GXULQJ DHURELF H[HUFLVH 1R FKDQJH LQ 3&U ZDV VHHQ
GXULQJ DUWHULDO RFFOXVLRQ DW UHVW (QGH[HUFLVH 3&U GHSOHWLRQ DQG HQGH[HUFLVH 2+E
GHR[\JHQDWLRQZHUHPRUHSURQRXQFHGDWWKHHQGRILVFKHPLFH[HUFLVHDVFRPSDUHGZLWK
DHURELFH[HUFLVH:KLOH3&UUHWXUQHGWREDVHOLQHOHYHOVDIWHUERWKH[HUFLVHVHVVLRQV2+E
VWD\HGVOLJKWO\HOHYDWHGDIWHUFHVVDWLRQRIH[HUFLVH
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Fig. 2. Mean (±SD) NIRS signals in the healthy volunteers (n=11); O2Hb, HHb, and tHb 
signals after resampling the individual tracings to 0.1 Hz to equal time resolution with 
MRS data. SD is presented one-sided for more clarity. The grey bar represents the 
periods of sustained isometric exercise at 30% MVC. The black bar represents the period 
of arterial occlusion. 

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:LWKLQ WKH ILUVW PLQXWH RI ERWK H[HUFLVH SKDVHV LQWUDFHOOXODU S+ S+L VKRZHG D
PRGHUDWH LQLWLDO DONDOLQLVDWLRQ WKDW ZDV VXEVHTXHQWO\ IROORZHG E\ D GHFUHDVH LQ S+L DW
DOPRVWFRQVWDQWUDWH)LJ&’XULQJLVFKHPLFH[HUFLVHERWKWKHLQLWLDODONDOLQLVDWLRQDQG
WKHVXEVHTXHQWS+LGHFUHDVHZHUHPRUHSURQRXQFHGDVFRPSDUHGZLWKWKHDHURELFSKDVH
7KH RQVHW RI WKH S+L GHFUHDVH GXULQJ H[HUFLVH VHHPHG WR EH V\QFKURQLVHG ZLWK WKH
WUDQVLWLRQVLQWKHUDWHVRI2+EDQG3&UGHFUHDVH

FRDA versus healthy controls 
)LJVKRZVWKHFRPELQHGGDWDRI)5’$DQGFRQWUROVIRU2+E3&UDQGS+LGXULQJ
WKH FRPSOHWH WHVW7KH$73 OHYHOV LQ WKH FDOI UHPDLQHG FRQVWDQW WKURXJKRXW WKHZKROH
SURWRFRO IRU ERWK WKH SDWLHQW JURXS DVZHOO DV WKH FRQWUROV1,56 DQG056 LQ )5’$
VKRZHG VLPLODU UHVSRQVHV WR RFFOXVLRQ DQG H[HUFLVH DV FRPSDUHG ZLWK WKH FRQWUROV
:KHUHDV D SODWHDX LQ 2+E GXULQJ LVFKHPLF H[HUFLVH ZDV VHHQ LQ  RI WKH FRQWURO
VXEMHFWVWKLVZDVRQO\VHHQLQLQ)5’$SDWLHQWV7KHDYHUDJHWLPHIRUWKHVHSDWLHQWV
WR UHDFKDSODWHDXZDVDOPRVWPLQ ,QRI WKHSDWLHQWVQRGHSOHWLRQRI2 VWRUHV
ZDVUHDFKHGZLWKLQWKHWKUHHPLQRIH[HUFLVHXQGHUDUWHULDORFFOXVLRQ
4XDQWLWDWLYH056DQG1,56YDULDEOHVIRUSDWLHQWVDQGFRQWUROVDUHVKRZQLQ7DEOH
’HSOHWLRQRI3&UDW WKHHQGRIH[HUFLVHZDVQRWVLJQLILFDQWO\GLIIHUHQWEHWZHHQSDWLHQWV
DQG FRQWUROV IRU ERWK H[HUFLVH SHULRGV 1RU ZDV WKHUH D VLJQLILFDQW GLIIHUHQFH LQ HQG
H[HUFLVHLQWUDFHOOXODUS+
+RZHYHUWKHτYDOXHIRU3&UUHFRYHU\ZDVVLJQLILFDQWO\VORZHULQ)5’$DVFRPSDUHG
ZLWKWKHFRQWUROVERWKDIWHUDHURELFH[HUFLVHDQGDIWHULVFKHPLFH[HUFLVH&RQWUDU\WRWKH
GLIIHUHQFHLQ3&UUHFRYHU\QRGLIIHUHQFHEHWZHHQ)5’$DQGFRQWUROVZDVIRXQGLQWKH
τYDOXH IRU2+E UHFRYHU\ DIWHU H[HUFLVH7KHτYDOXH IRU2+E UHFRYHU\ DIWHU DHURELF
H[HUFLVHZDVVLJQLILFDQWO\IDVWHUWKDQ3&UUHFRYHU\LQERWK)5’$DQGFRQWUROV3
DQG3   UHVSHFWLYHO\ 7KLV GLIIHUHQFHZDV DOVR SUHVHQW DIWHU LVFKHPLF H[HUFLVH LQ
)5’$3EXWZDVQRWVLJQLILFDQWLQWKHFRQWUROV3 
2[\JHQFRQVXPSWLRQ 

29P  ZDVFDOFXODWHGDW UHVWGXULQJDUWHULDORFFOXVLRQDQG LQ
WKH LQLWLDO SKDVH RI DHURELF DQG LVFKHPLF H[HUFLVH ZLWK WKH DVVXPSWLRQ WKDW W+E ZDV
FRQVWDQW(VSHFLDOO\GXULQJH[HUFLVHWKLVDVVXPSWLRQFRXOGQRWDOZD\VEHPHWDQGUHVXOWHG
FRQVHTXHQWO\LQVPDOOHUJURXSVIRU

29P  DQDO\VLV1RVLJQLILFDQWGLIIHUHQFHVLQ

29P  
ZHUH IRXQG EHWZHHQ )5’$ SDWLHQWV DQG FRQWUROV QHLWKHU DW UHVW QRU GXULQJ H[HUFLVH
7DEOH
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Fig. 3. Mean (±SD) values for NIRS and 31P-MRS tracings in Friedreich ataxia (FRDA) 
patients and healthy controls. A) O2Hb signals, B) PCr signals, and C) intracellular pH 
(pHi). The grey bar represents the periods of sustained isometric exercise at 30% MVC. 
The black bar represents the period of arterial occlusion. 
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Table 1. Mean (± SD) values for phosphorus magnetic resonance spectroscopy (31P-MRS) and near-
infrared spectroscopy (NIRS) variables in Friedreich ataxia (FRDA) and healthy controls. 
      
 Healthy subjects (11) FRDA patients (15)  
 Mean ± SD Range Mean ± SD Range P-value 
 
     
Initial values      
Pre-exercise intracellular pH 7.02 ± 0.03 6.96-7.11 7.01 ± 0.03 6.96-7.06 0.44 
End-occlusion O2Hb deoxygenation (µM) -17.9 ± 4.9 -23.9 - -7.5 -15.7 ± 9.3 -38.0 - -5.9 0.45 
2OVm   during AO (mlO2⋅min-1⋅100g-1)  0.05 ± 0.02 
(10) 
0.02-0.07 0.05 ± 0.04 
(14) 
0.01-0.14 0.85 
      
Aerobic exercise      
2OVm   (mlO2⋅min-1⋅100g-1)  0.26 ± 0.18 
(10) 
0.10-0.57 0.27 ± 0.33 
(8) 
0.03-1.04 0.92 
End-exercise O2Hb deoxygenation (µM) -25.1 ± 13.3 -46.8-3.3 -20.7 ± 14.1 -51.9-1.3 0.44 
End-exercise [PCr] (%[PCr]) 75.8 ± 10.7 59.6-90.4 74.4 ± 14.7 45.3-92.6 0.78 
End-exercise pH 6.98 ± 0.09 6.77-7.08 6.97 ± 0.05 6.86-7.05 0.90 
τ-value of O2Hb recovery (s) 29.9 ± 23.2 6.1-73.5 22.7 ± 5.8 13.9-33.1 0.36 
τ-value of PCr recovery (s) 52.6 + 22.5 19.5-94.3 82.6 + 40.8 39.8-178.6 0.04 
      
Ischemic exercise      
2OVm   (mlO2⋅min-1⋅100g-1)  0.16 ± 0.09 
(7) 
0.05-0.29 0.17 ± 0.14 
(7) 
0.04-0.44 0.96 
End-exercise O2Hb deoxygenation (µM) -37.4 ± 9.6 -59.5-15.4 -32.5 ± 18.6 -64.6-8.5 0.44 
End-exercise [PCr] (%[PCr]) 61.0 ± 15.7 29.7-79.7 66.3 ± 18.7 20.3-98.0 0.45 
End-exercise pH  6.94 ± 0.08 6.77-7.00 6.93 ± 0.06 6.79-7.01 0.90 
τ-value of O2Hb recovery (s) 41.7 ± 28.2 17.2-116.3 30.6 ± 13.3 10.1-52.1 0.25 
τ-value of PCr recovery (s) 57.1 ± 25.2 26.0-105.3 86.3 ± 28.6 46.7-161.3 0.01 
2OVm  = muscle oxygen consumption, AO = arterial occlusion, O2Hb = oxyhaemoglobin, PCr = 
phosphocreatine, (n) = number of subjects included in calculation. P ≤ 0.05 is considered statistically 
significant. 

CHAPTER 5 
 88 
DISCUSSION 
7KHPDLQILQGLQJVRIWKLVFRPELQHG1,56056VWXG\ZHUHWKDWWKH2 VWRUHVWUDSSHG
ZLWKLQWKHLVFKHPLFPXVFOHDUHPXFKVORZHUFRQVXPHGGXULQJFRQWUDFWLRQWKDQDVVXPHG
KLWKHUWRDQGWKDWDOWKRXJK)5’$SDWLHQWVVKRZHGDVORZHU3&UUHV\QWKHVLVLQGLFDWLQJ
DUHGXFHGUDWHLQR[LGDWLYHSKRVSKRU\ODWLRQ1,56VKRZHGQRLQGLFDWLRQIRUDQLPSDLUHG
R[\JHQGHOLYHU\RUFRQVXPSWLRQ
$V FDQEH VHHQ LQ)LJ  DQG  WKH NLQHWLFV RI GHR[\JHQDWLRQ DQG UHR[\JHQDWLRQ RI
2+ESDUDOOHOHGWKRVHIRUGHSOHWLRQDQGUHJHQHUDWLRQRISKRVSKRFUHDWLQHDSDUWIURPWKH
WUDFLQJV GXULQJ DUWHULDO RFFOXVLRQ %RWK 2+E GHR[\JHQDWLRQ DQG 3&U GHSOHWLRQ ZHUH
PRUH SURQRXQFHG GXULQJ LVFKHPLF H[HUFLVH DV FRPSDUHG ZLWK DHURELF H[HUFLVH 7KLV
LQGLFDWHVWKDWPXVFOHSHUIXVLRQGXULQJDHURELFH[HUFLVHZDVQRWFRPSOHWHO\REVWUXFWHGDQG
2 VWRUHV ZHUH SUREDEO\ SDUWO\ UHSOHQLVKHG GXULQJ H[HUFLVH 0RUHRYHU DW WKH VWDUW RI
LVFKHPLFH[HUFLVH2VWRUHVZHUHDOUHDG\SDUWO\GHSOHWHGGXHWRWKHDUWHULDORFFOXVLRQWKDW
SUHFHGHGH[HUFLVHDQGWKDWZDVFRQWLQXHGGXULQJH[HUFLVH,QWKLVVHWXSORFDOO\DYDLODEOH
2 VWRUHV ZHUH WKRXJKW WR EH GHSOHWHG E\ WKH HQG RI WKH RFFOXVLRQ RU HDUO\ GXULQJ
LVFKHPLFH[HUFLVH7KHDVVXPSWLRQRIPRQLWRULQJSXUHDQDHURELF3&UWXUQRYHUFDQRQO\
EH PHW ZKHQ 2 VWRUHV DUH IXOO\ GHSOHWHG +RZHYHU WKRXJK WKH UDWH RI 2+E
GHR[\JHQDWLRQVORZHGGRZQZLWKLQWKHILUVWPLQXWH1,56VKRZHGDSHUVLVWHQWGHFUHDVH
LQ 2+E DOPRVW GXULQJ WKH IXOO WKUHH PLQXWHV RI RFFOXVLRQ )LJ $ $OWKRXJK WKH
PDMRULW\RIWKHFRQWUROVUHDFKHGDSODWHDXLQ2+EGXULQJLVFKHPLFH[HUFLVHGHSOHWLRQRI
2+EZDVRQO\UHDFKHGDIWHUóPLQ,QRIWKHFRQWUROV2VWRUHVZHUHQRW\HWIXOO\
GHSOHWHGDW WKHHQGRIH[HUFLVH0RUHRYHU LQ)5’$QRSODWHDXZDVUHDFKHGEHIRUHWKH
HQGRIH[HUFLVHLQRIWKHSDWLHQWV7KLVPHDQVWKDWQRWRQO\DWWKHVWDUWRILVFKHPLF
H[HUFLVH EXW DOVR GXULQJ WKH UHPDLQLQJ SHULRG SDUW RI WKH HQHUJ\ SURGXFWLRQ ZDV VWLOO
SURYLGHGE\R[LGDWLYHSKRVSKRU\ODWLRQLQGLFDWLQJWKDW WKHHQHUJ\WXUQRYHUPHDVXUHGE\
3056UHIOHFWVQRWVROHO\DQDHURELFHQHUJ\SURGXFWLRQEXWDFRPELQDWLRQRIDQDHURELF
DQGR[LGDWLYHSDWKZD\V7KHVHGDWDDUHFRPSDWLEOHZLWKDUHFHQWVWXG\RI6DNRHWDO>6DNR
HW DO @ZKR VKRZHG WKDW LW WRRN DW OHDVW PLQ RI DUWHULDO RFFOXVLRQDW UHVW EHIRUH
2+E FHDVHG WR GHFOLQH DQG UHDFKHG IXOO GHSOHWLRQ ,W ZDV QRW XQWLO IXOO GHSOHWLRQ RI
2+E ZDV UHDFKHG WKDW 3&U VWDUWHG WR GHFUHDVH >6DNR HW DO @ (VWDEOLVKLQJ SXUH
DQDHURELFH[HUFLVHFDQRQO\EHPHWZKHQ2VWRUHVDUHFRPSOHWHO\GHSOHWHG6LPXOWDQHRXV
XVHRI1,56DQG3056PLJKWWKHUHIRUHUHVXOWLQDUHGXFWLRQRIWKHEHWZHHQVXEMHFW
YDULDELOLW\ RI 3&U NLQHWLFVZKHQ3056 LV OLQNHG WR GHSOHWLRQ RI2 VWRUHVPHDVXUHG
GLUHFWO\E\1,56
,Q WKLV VWXG\ ZH LQYHVWLJDWHG PXVFOH PHWDEROLVP LQ PLWRFKRQGULDO LPSDLUPHQW E\
VLPXOWDQHRXVXVHRI3056DQG1,56LQRUGHUWRREWDLQPRUHLQVLJKWLQWKHORFDOLVDWLRQ
RI WKH IXQFWLRQDO OLPLWDWLRQRIPXVFOHPHWDEROLVP LQ)5’$ ,WZDV VKRZQ WKDW2+E
3&UDQGS+LVLJQDOVLQ)5’$SDUDOOHOHGWKRVHRIWKHFRQWUROVDQGDSDUWIURPWKHτYDOXH
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RI 3&U UHFRYHU\ QR VLJQLILFDQW GLIIHUHQFHV LQ WKH TXDQWLWDWLYH YDULDEOH ZHUH IRXQG
EHWZHHQ)5’$DQGKHDOWK\FRQWUROV
3&U UHFRYHU\ IRXQG LQ )5’$ ZDV FRPSDUDEOH ZLWK WKH SUHYLRXV UHSRUWHG YDOXHV
>9RUJHUGHW DO @+RZHYHU WKHτYDOXHRI3&U UHFRYHU\ IRXQG LQRXUFRQWUROVZDV
VXEVWDQWLDOO\KLJKHUWKDQWKHτYDOXHVUHSRUWHGLQRWKHUVWXGLHV>+DQGVHWDO.HOOHU
HW DO  0F&XOO\ HW DO  0F&XOO\ HW DO D 9RUJHUG HW DO @ ZLWK WKH
H[FHSWLRQRIWKHτYDOXHRIVDIWHUPD[LPDOH[HUFLVHWKDWZDVUHSRUWHGE\0F&XOO\HWDO
>0F&XOO\HWDOD@7KHKLJKHUWDXYDOXHVPLJKWEHH[SODLQHGE\WKHGLIIHUHQWH[HUFLVH
SURWRFROVXVHGEHFDXVH0F&XOO\ HW DO>0F&XOO\ HW DO D@ VKRZHG WKDW3&U UHFRYHU\
ZDV UHODWHG WR ZRUN LQWHQVLW\ 2Q WKH RWKHU KDQG WKLV FDQ QRW H[SODLQ WKH GLIIHUHQFH
EHWZHHQRXUSUHYLRXV>9RUJHUGHWDO@DQGRXUFXUUHQWVWXG\EHFDXVHERWKH[HUFLVH
SURWRFROVZHUHLGHQWLFDO
7KHFXUUHQWGLIIHUHQFHVEHWZHHQ)5’$DQGFRQWUROVZHUHOHVVSURQRXQFHGWKDQWKRVH
IRXQG LQ WKH SUHYLRXV VWXG\ >9RUJHUG HW DO @ EHFDXVH WKH VORZHU 3&U UHFRYHU\ LQ
FRQWUROV DQG WKH ODUJHU 3&U GHSOHWLRQ LQ )5’$ SDWLHQWV LQ WKLV VWXG\ PDGH WKH WZR
JURXSVFRPHFORVHU WRJHWKHU+RZHYHU WKHGLIIHUHQFHV UHPDLQHG VWDWLVWLFDOO\ VLJQLILFDQW
%HFDXVHERWK VHWXS DQGSURWRFROZHUH LGHQWLFDO LQ WKH WZR VWXGLHV WKHGLIIHUHQFHV DUH
DGGUHVVHGWRYDULDWLRQLQVXEMHFWSRSXODWLRQDQGQRWWRPHWKRGRORJLFDODVSHFWV
2+EUHFRYHU\IURPDHURELFH[HUFLVHLQWKHFRQWUROVZDVLQDJUHHPHQWZLWKSUHYLRXVO\
UHSRUWHGYDOXHV>&KDQFHHWDO0F&XOO\HWDOD0F&XOO\HWDOE@3&UDQG
2+E UHFRYHU\ ZHUH VORZHU DIWHU LVFKHPLF H[HUFLVH DV FRPSDUHG ZLWK DHURELF H[HUFLVH
VXJJHVWLQJ WKDW ERWK UHFRYHU\ SDUDPHWHUVZHUHUHODWHG WR WKH DPRXQW RI LVFKHPLF ORDG
7KLV LV LQ DJUHHPHQW ZLWK 0F&XOO\ HW DO >0F&XOO\ HW DO D@ ZKR IRXQG WKDW 3&U
UHFRYHU\ WLPH KDG DOPRVW GRXEOHG IURP VXEPD[LPDO WR PD[LPDO H[HUFLVH DQG ZLWK
&KDQFH HW DO >&KDQFH HW DO @ ZKR IRXQG WKDW 2+E UHFRYHU\ ZDV UHODWHG WR
ZRUNORDG +RZHYHU 0F&XOO\ HW DO >0F&XOO\ HW DO D@ GLG QRW ILQG DQ LQFUHDVH LQ
2+EUHFRYHU\EXWWKLVPLJKWEHGXHWRWKHGLIIHUHQWVDPSOLQJDUHDVXVHGIRU056DQG
1,56
6LQFH )5’$ SDWLHQWV DUH WKRXJKW WR KDYH LPSDLUHG PLWRFKRQGULDO IXQFWLRQ ZH
K\SRWKHVLVHG WKDW FRPSDUHG ZLWK WKH FRQWUROV WKHVH SDWLHQWV ZRXOG SUHVHQW D ORZHU
R[\JHQ FRQVXPSWLRQ 

29P   PHDVXUHG E\ 1,56 7KLV ZDV QRW WKH FDVH DW UHVW QRU
GXULQJ H[HUFLVH +RZHYHU LW KDV WR EH WDNHQ LQ PLQG WKDW WKH SHUFHQWDJH RI VXEMHFWV
H[FOXGHG IURP

29P   DQDO\VLV GXULQJ H[HUFLVH ZDV PXFK ODUJHU LQ WKH SDWLHQW JURXS
 DV FRPSDUHG ZLWK WKH FRQWURO JURXS  7KLV ZDV GXH WR WKH IDFW WKDW LQLWLDO
IOXFWXDWLRQVLQEORRGYROXPHZHUHPXFKPRUHSURQRXQFHGLQ)5’$WKDQLQFRQWUROV
5HVWLQJ

29P   IRXQG LQ WKH FRQWUROV ZDV LQ DJUHHPHQW ZLWK FDOI

29P   IRXQG E\
&ROLHUHWDO>&ROLHUHWDO@+RZHYHULWZDVDERXWRIWKHYDOXHWKDWLVFRPPRQO\
IRXQGE\XVDQGRWKHUVIRU

29P   LQ WKHIRUHDUPXVLQJ WKHFRQYHQWLRQDO LQYDVLYH)LFN
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PHWKRG>+DUWOLQJHWDO+ROOLQJ0RWWUDP9DQ%HHNYHOWHWDOE@RU
GHULYHGLQGLUHFWO\E\3056>+DPDRNDHWDO6DNRHWDO:DQJHWDO@
:LWK1,56

29P   LQ WKHIRUHDUPLVDOVRPRVWO\KLJKHU WKDQRXUSUHVHQW

29P  YDOXH
PHDVXUHGLQWKHFDOI>’H%ODVLHWDO’H%ODVLHWDO1LZD\DPDHWDO9DQ
%HHNYHOW HW DO D9DQ%HHNYHOW HW DO E9DQ%HHNYHOW HW DO E@7KHPRVW
SUREDEOH UHDVRQ IRU WKH ORZ

29P   IRXQG LQ WKH FDOI LV WKH FRQIRXQGLQJ HIIHFW RI
VNLQIROGWKLFNQHVVRQ1,56PHDVXUHPHQWV>0DWVXVKLWDHWDO1LZD\DPDHWDO
9DQ%HHNYHOWHWDOD<DPDPRWRHWDO@7KHVNLQIROGWKLFNQHVVRQWRSRIWKH
JDVWURFQHPLXV PXVFOH ZDV ±  PP DQG VXEVWDQWLDOO\ KLJKHU IDFWRU  WKDQ WKH
VNLQIROGWKLFNQHVVWKDWZHIRXQGRQWRSRIWKHIOH[RUGLJLWRUXPPXVFOHPP>9DQ
%HHNYHOWHWDOE9DQ%HHNYHOWHWDOE@$IWHUFRUUHFWLRQIRUVNLQIROGWKLFNQHVV
DV ZH GHVFULEHG SUHYLRXVO\ >9DQ %HHNYHOW HW DO D@ WKH YDOXH RI
PO2⋅PLQ⋅JZDVSHUIHFWO\LQDJUHHPHQWZLWKWKHPO2⋅PLQ⋅JIRXQG
IRU D VNLQIROG WKLFNQHVV RI  PP >9DQ %HHNYHOW HW DO D@ DQG ZLWK WKH 
PO2⋅PLQ⋅J IRXQG LQ WKHJDVWURFQHPLXVRI D VXEMHFWZLWKKLJK VNLQIROG WKLFNQHVV
GHVFULEHG E\ %LQ]RQL HW DO >%LQ]RQL HW DO @ $OWKRXJK VNLQIROG WKLFNQHVV KDG D
VXEVWDQWLDO FRQIRXQGLQJ HIIHFW RQ

29P   DQG VKRXOG EH WDNHQ LQWR DFFRXQW LQ IXWXUH
UHVHDUFK LWGLGQRW LQIOXHQFHWKHFRPSDULVRQEHWZHHQ)5’$DQGFRQWUROV LQWKLVVWXG\
VLQFHERWKJURXSVZHUHPDWFKHGIRUVNLQIROGWKLFNQHVV2QWKHRWKHUKDQGDGLSRVHWLVVXH
LV DOVR NQRZQ WR GHFUHDVH WKH VLJQDOWRQRLVH UDWLR LQ 3056 DQG WKH KLJK VNLQIROG
WKLFNQHVVPLJKWWKHUHIRUHKDYHLQFUHDVHGWKHYDULDELOLW\LQERWKPHWKRGV
7KLVVWXG\KDVVKRZQWKDWWKHVLPXOWDQHRXVXVHRI1,56DQG3056DSSOLHGZLWKLQ
WKH VDPHYROXPHRI LQWHUHVW VXSSOLHV VXEVWDQWLDO DGGLWLRQDO LQIRUPDWLRQ WR HQKDQFH WKH
LQYHVWLJDWLRQ RI LQ YLYRPXVFOHPHWDEROLVP8VLQJ1,56 WRPRQLWRU R[LGDWLYH SURFHVVHV
GXULQJH[HUFLVHLWEHFDPHFOHDU WKDWWKHFRPPRQO\XVHGDVVXPSWLRQWKDW ORFDO2VWRUHV
DUHGHSOHWHGE\DUWHULDORFFOXVLRQDQGLVFKHPLFH[HUFLVH>:DFNHUKDJHHWDO@GLGQRW
DSSO\ IRU D VXEVWDQWLDO QXPEHU RI VXEMHFWV KHUHE\ XQQHFHVVDULO\ LQFUHDVLQJ WKH LQWHU
VXEMHFWYDULDELOLW\RI3&UNLQHWLFV7KLVZDVHYHQPRUHSURQRXQFHGLQ)5’$ZKHUHWKH
PDMRULW\RIWKHSDWLHQWVVKRZHGQR2GHSOHWLRQDWDOOEHIRUHWKHHQGRIH[HUFLVH7KXV
3056PHDVXUHPHQWV GXULQJ LVFKHPLF H[HUFLVH DV SUHVHQWHG LQ WKH SURWRFRO WKDW ZH
XVHGGRHVQRWQHFHVVDULO\PHDQWKHPRQLWRULQJRISXUHDQDHURELFHQHUJ\WXUQRYHU6LQFH
WKH 2 VWRUHV YDU\ QRW RQO\ EHWZHHQ VXEMHFWV EXW DOVR EHWZHHQ PXVFOHV LW PLJKW EH
UHDVRQDEOHWRZDLWIRUIXOOGHSOHWLRQRI2VWRUHVEHIRUHH[HUFLVHLVVWDUWHG7KLVZD\WKH
KLJK YDULDELOLW\ NQRZQ WR H[LVW LQ 3&U NLQHWLFV GXULQJ H[HUFLVH PLJKW EH GHFUHDVHG
VXEVWDQWLDOO\
$SDUW IURP D VORZHU 3&U UHFRYHU\ ZH IRXQG QR PDMRU DEQRUPDOLWLHV LQ R[LGDWLYH
SURFHVVHVDQGRWKHU056SDUDPHWHUVLQRXU)5’$SDWLHQWV)5’$LVFDXVHGE\VHYHUHO\
UHGXFHG OHYHOV RI IUDWD[LQ $OWKRXJK WKH IXQFWLRQ RI WKLV PLWRFKRQGULDO SURWHLQ LV VWLOO

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Fig. 4. Strongly simplified scheme of the pathway of oxidative phosphorylation (OXPHOS) 
from blood born substrates to adenosine triphosphate (ATP) with a final role for oxygen at 
complex IV. The respiratory chain is presented by the roman-numbered squares, existing 
of five complexes. Electrons (e-) are transported from complex I to complex IV where they 
are adopted by O2 to form H2O. ATP then, is formed from adenosine diphosphate (ADP) 
by complex V, (ATPsynthase). Subsequently, phosphocreatine (PCr) can be 
resynthesised from creatine (Cr) by the adenine nucleotide translocator (ANT) and 
mitochondrial creatine kinase (CKm). MO; mitochondrial outer membrane, MI; 
mitochondrial inner membrane. 

XQNQRZQ >3XFFLR HW DO @ LW LV WKRXJKW WKDW GHIHFWV LQ WKLV SURWHLQ OHDG WR
PLWRFKRQGULDO LPSDLUPHQW 7KLV LV EDVHG RQ WKH ILQGLQJV WKDW IUDWD[LQ GHIHFWV FDXVH D
VSHFLILF )H6 HQ]\PH GHILFLHQF\ DQG LQWUDPLWRFKRQGULDO LURQ DFFXPXODWLRQ ZKLOH
FRPSOHWHDEVHQFHRIIUDWD[LQLQWKHPRXVHOHDGVWRHDUO\HPEU\RQLFOHWKDOLW\>3XFFLRHWDO
@3&UUHFRYHU\ LQ)5’$ZDVGHOD\HGVXJJHVWLQJ LPSDLUHGPLWRFKRQGULDO IXQFWLRQ
+RZHYHUEDVHGRQRXU1,56PHDVXUHPHQWVPXVFOH2GHOLYHU\DQG2FRQVXPSWLRQDW
UHVWDQGGXULQJH[HUFLVHVHHPHGIXOO\QRUPDOLQ)5’$&RPELQLQJ1,56DQG056GDWD
LOOXVWUDWHV WKDW LQ )5’$ WKH PLWRFKRQGULDO HOHFWURQ WUDQVSRUW FKDLQ FDQ IXQFWLRQ
XQGLVWXUEHG XQWLO WKH GLVVROYHG R[\JHQ LV UHGXFHG DW WKH OHYHO RI FRPSOH[ ,9 RU
F\WRFKURPHR[LGDVH)LJ7KHGHOD\HG3&UUHFRYHU\LQWKHSDWLHQWVFRXOGEHH[SODLQHG
E\ SDUWLDO XQFRXSOLQJ RIPLWRFKRQGULDPHDQLQJ WKDW R[\JHQ LV QRUPDOO\ FRQVXPHGEXW
Capillaries
Muscle cell
Glycolysis overall:
glucose + 2NAD + 2ADP + 2Pi → 2pyruvate + 2ATP + 2NADH
Glycolysis, citric acid cycle, and respiratory chain overall:
glucose +6O2 + 36Pi + 36ADP → 6CO2 + 36ATP + 42H2O
Fatty acid oxidation, citric acid cycle, and respiratory chain overall:
palmitate(C16) + 23O2 + 129Pi + 129ADP → 16 CO2 + 145H2O + 129ATP
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$73V\QWKHVLV LV GHFUHDVHG7KLV FDQEH FDXVHG LQGLUHFWO\E\ DQ H[FHVVRI IUHH UDGLFDOV
ZKLFKFDQDFWDVUHDFWLYHR[\JHQVSHFLHVWKDWPD\LQIOXHQFHR[LGDWLYHSKRVSKRU\ODWLRQE\
GDPDJLQJWKHPLWRFKRQGULDO LQQHUPHPEUDQH+RZHYHU WKHPLWRFKRQGULD LQ)5’$DUH
SUREDEO\QRWDIIHFWHGE\IUHHUDGLFDOVDVZDVVKRZQLQ\HDVWPRGHOV>%DEFRFNHWDO@
$OWHUQDWLYHO\ WKH UHV\QWKHVLVRI3&UFRXOGEHKDPSHUHGE\DQ LPSDLUHG IXQFWLRQDW WKH
OHYHORIHLWKHUFRPSOH[9$73V\QWKDVHWKHDGHQLQHQXFOHRWLGHWUDQVORFDWRU $17RU
PLWRFKRQGULDOFUHDWLQHNLQDVH&.P’LPLQLVKHGDFWLYLW\RIFRPSOH[9ZRXOGDIIHFWWKH
PLWRFKRQGULDO $73 V\QWKHVLV GLUHFWO\ ’HFUHDVHG DFWLYLW\ RI $17 ZRXOG OLPLW WKH
WUDQVSRUWRI$73RYHUWKHLQQHUPLWRFKRQGULDOPHPEUDQHDQGGHFUHDVHGPLWRFKRQGULDO
FUHDWLQH NLQDVH DFWLYLW\ ZRXOG QHJDWLYHO\ LQIOXHQFH WKH FRQYHUVLRQ RI $73 LQWR 3&U
’HIHFWV LQ FRPSOH[9$17 RU&.PPD\ YDULRXVO\ LQIOXHQFH2 FRQVXPSWLRQ GXULQJ
H[HUFLVH ,Q WKH UHFRYHU\ SKDVH )ULHGUHLFK DWD[LD SDWLHQWV VKRZHG D VLJQLILFDQWO\ VORZHU
3&UUHFRYHU\UDWHWKDQFRQWUROV+RZHYHULQWKHUHFRYHU\SKDVH1,56PRQLWRUVWKHVXP
RI2 LQIOX[YLD WKHEORRG DQG WKH2 FRQVXPSWLRQ LQ WKHPXVFOH7KHUHIRUH LW LV QRW
VXUSULVLQJWKDWWKH2+E20EVLJQDOLQWKLVSKDVHLVQRWVLJQLILFDQWO\GLIIHUHQWEHWZHHQ
FRQWUROVDQG)ULHGUHLFKSDWLHQWVDV WKH2 LQIOX[IRUPVE\IDUWKHPDMRUFRQWULEXWLRQWR
WKH1,56VLJQDOLQWKLVSKDVH7KH1,56GDWDIURPWKLVUHFRYHU\SKDVHGRWKHUHIRUHQRW
DOORZ D UHOLDEOH FRPSDULVRQ RI2 FRQVXPSWLRQ EHWZHHQ FRQWUROV DQG SDWLHQWV+RZ D
SULPDU\GHIHFWDWWKHOHYHORIIUDWD[LQFDQLQIOXHQFH3&UUHV\QWKHVLVEDVLFDOO\UHPDLQVWR
EHHVWDEOLVKHG
,Q FRQFOXVLRQZH VKRZHG WKH KLJK SRWHQWLDO RI VLPXOWDQHRXV XVH RI1,56 DQG3
056 LQ WKH LQYHVWLJDWLRQ RI VNHOHWDO PXVFOH PHWDEROLVP 8VHG DV FRPSOHPHQWDU\
PHWKRGV ERWK R[LGDWLYH DQG DQDHURELF DVSHFWV RI LQ YLYR PXVFOH PHWDEROLVP FDQ EH
PRQLWRUHG VLPXOWDQHRXVO\ DQG QRQLQYDVLYHO\ )XUWKHUPRUH 1,56 SURYLGHV DGGLWLRQDO
LQIRUPDWLRQ LQ WKRVHVLWXDWLRQVZKHUHHQHUJ\ WXUQRYHU LV VWLOO VXIILFLHQW WRUHSOHQLVKWKH
LQWUDPXVFXODUKLJKHQHUJ\SKRVSKDWHVDVIRULQVWDQFHDWUHVWRUDWWKHWUDQVLWLRQIURPUHVW
WR H[HUFLVH )XWXUH UHVHDUFK LQ SDWLHQWV ZLWK SURYHQ PLWRFKRQGULDO LPSDLUPHQW FRXOG
HQKDQFHWKHXQGHUVWDQGLQJRIPXVFOHPHWDEROLVPLQWKHSDWKRORJLFDOPXVFOH


 

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
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INTRODUCTION 
1HDULQIUDUHG VSHFWURVFRS\ 1,56 LV D QRQLQYDVLYH RSWLFDO PHWKRG IRU WKH GLUHFW
PHDVXUHPHQW RI ORFDOR[\JHQDWLRQ DQGKDHPRG\QDPLFV LQPXVFOH WLVVXH ,W LVEDVHGRQ
WKH UHODWLYH WUDQVSDUHQF\ RI WKH WLVVXH IRU OLJKW LQ WKH QHDULQIUDUHG UHJLRQ DQG RQ WKH
R[\JHQGHSHQGHQWDEVRUSWLRQFKDQJHVRIKDHPRJORELQDQGP\RJORELQ7KHQHDULQIUDUHG
VSHFWURSKRWRPHWHUDVXVHGLQWKLVWKHVLVJHQHUDWHVOLJKWDWWKUHHZDYHOHQJWKV7KHOLJKWLV
WUDQVSRUWHGWRWKHWLVVXHE\PHDQVRIDQRSWLFDOILEUHEXQGOHFDOOHGRSWRGHDQGDVHFRQG
RSWRGHWUDQVSRUWVWKHOLJKWEDFNWRWKHGHWHFWRU%RWKRSWRGHVDUHSODFHGGLUHFWO\RQWKH
VNLQRYHUWKHPXVFOHRILQWHUHVWDQGSDUDOOHOWRHDFKRWKHU7KHOLJKWSHQHWUDWHVLQWRVNLQ
VXEFXWDQHRXVIDW OD\HUDQGPXVFOHDQG LVHLWKHUVFDWWHUHGRUDEVRUEHGZLWKLQWKHWLVVXH
7KH OLJKW VFDWWHULQJ RULJLQDWLQJ IURP WKH VRXUFH RFFXUV LQ DQ\ GLUHFWLRQ EXW WKH OLJKW
GHWHFWHGE\WKHVHFRQGRSWRGHLVWKRXJKWWRGHVFULEHDEDQDQDVKDSH>&XLHWDO@
7KH FKURPRSKRUHV DEVRUELQJ WKH OLJKW RI WKHVH VSHFLILF ZDYHOHQJWKV DUH PDLQO\
KDHPRJORELQDQGP\RJORELQ%\XVLQJPRUHWKDQRQHZDYHOHQJWKLWEHFRPHVSRVVLEOHWR
GLIIHUHQWLDWHEHWZHHQR[\JHQDWHGDQGGHR[\JHQDWHGKDHPRJORELQP\RJORELQDQGHQDEOHV
WKXV LQIRUPDWLRQ DERXW WLVVXH R[\JHQDWLRQ 7KH PHDVXUHPHQW RI FKDQJHV LQ WLVVXH
R[\JHQDWLRQQRQLQYDVLYHDQGGLUHFWO\PHDVXUHGLQWKHPXVFOHPDNHV1,56DQLQWHUHVWLQJ
WRRO IRU FOLQLFDO SXUSRVHV )RU LQVWDQFH GXULQJ VXUJHU\ WR FKHFN WKH EORRG  R[\JHQ
VXSSO\ DW WKH LQWHQVLYH FDUH WR PRQLWRU EUDLQ R[\JHQDWLRQ RU DV D GLDJQRVWLF WRRO LQ
GLVRUGHUVWKDWDIIHFWHQHUJ\SURGXFWLRQ
$OWKRXJK1,56KDVPDLQO\EHHQXVHGWRPRQLWRUR[\JHQDWLRQFKDQJHVLQWKHEUDLQDQG
WR D IDU OHVVHU H[WHQW WR VWXG\ VNHOHWDO PXVFOH LW KDV QRZ EHFRPH D PRUH DFFHSWHG
WHFKQLTXHIRUWKHQRQLQYDVLYHGHWHUPLQDWLRQRIORFDOR[\JHQFRQVXPSWLRQDQGEORRGIORZ
LQKXPDQVNHOHWDOPXVFOH7KHDGYDQWDJHRIPHDVXUHPHQWLQVNHOHWDOPXVFOHLVWKHDELOLW\
WRREWDLQ ORFDO LQIRUPDWLRQDERXWPXVFOHR[\JHQDWLRQZLWK WKHSRVVLELOLW\RIFDOFXODWLQJ
TXDQWLWDWLYH YDOXHV IRU 2 FRQVXPSWLRQ DQG EORRG IORZ XVLQJ VLPSOH SK\VLRORJLFDO
LQWHUYHQWLRQVVXFKDVDUWHULDORUYHQRXVRFFOXVLRQ>&KHDWOHHWDO&ROLHUHWDO
’H%ODVLHWDO’H%ODVLHWDO’H%ODVLHWDO+RPPDHWDOD9DQ
%HHNYHOWHWDO9DQ%HHNYHOWHWDO@
,QWKHSDVWIHZ\HDUVZHKDYHGRQHQXPHURXV1,56PHDVXUHPHQWVVSUHDGRYHUVHYHUDO
VWXGLHVDQGREWDLQHGWKXVTXDQWLWDWLYH1,56GDWDIRUDODUJHJURXSRIKHDOWK\VXEMHFWV,Q
WKLV FKDSWHU ZH GHVFULEH WKH YDULRXV YDULDEOHV WKDW FDQ EH REWDLQHG IURP 1,56 DQG
FRPELQHGDOOUHVWLQJGDWDRIRXUKHDOWK\SRSXODWLRQLQRUGHUWRSURYLGHLQIRUPDWLRQDERXW
QRUPDO UDQJH DQG ELRORJLFDO YDULDELOLW\ RI WKH YDULRXV1,56 YDULDEOHV )XUWKHUPRUH DQ
RYHUYLHZRIWKHDYDLODEOHGDWDNQRZQIURPOLWHUDWXUHLVJLYHQ

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METHODS 
$FRQWLQXRXVZDYHQHDULQIUDUHG VSHFWURSKRWRPHWHU 2[\PRQ%LRPHGLFDO(QJLQHHULQJ
’HSDUWPHQW8QLYHUVLW\RI1LMPHJHQ1/ WKDW JHQHUDWHV OLJKW DW   DQGQP
ZDVXVHGIRUDOOPHDVXUHPHQWV7KHFKDQJHVLQDEVRUSWLRQDWWKHGLVFUHWHZDYHOHQJWKVDUH
FRQYHUWHGLQWRFRQFHQWUDWLRQFKDQJHVRI2+EDQG++EXVLQJDPRGLILHG/DPEHUW%HHU
ODZLQZKLFKDSDWKOHQJWKIDFWRULV LQFRUSRUDWHGWRFRUUHFWIRUVFDWWHULQJRISKRWRQVLQ
WKHWLVVXH$IL[HGYDOXHRIIRUWKHGLIIHUHQWLDOSDWKOHQJWKIDFWRU’3)ZDVXVHGWR
FDOFXODWH DEVROXWH FRQFHQWUDWLRQ FKDQJHV7KLVZD\R[\JHQDWLRQ DQGRUKDHPRG\QDPLF
1,56YDULDEOHVDWUHVWZHUHPHDVXUHGLQWKHIOH[RUGLJLWRUXPVXSHUILFLDOLVPXVFOHRI
KHDOWK\YROXQWHHUVPDOHIHPDOHZLWKDQLQWHURSWRGHGLVWDQFHRIPP’DWDZHUH
VDPSOHGDW+]RUIDVWHUGLVSOD\HGLQUHDOWLPHDQGVWRUHGRQGLVNIRURIIOLQHDQDO\VLV

SUBJECT POPULATION 
7KHGLVWULEXWLRQDQGPHDQ±6’YDOXHVRIDJHKHLJKWZHLJKWDQGDUPFLUFXPIHUHQFHDUH
VKRZQ LQ )LJ  6NLQIROG WKLFNQHVV ZDVPHDVXUHG EHWZHHQ WKH1,56 RSWRGHV XVLQJ D
VNLQIROGFDOLSHU+ROWDLQ/WG&U\PP\FK8.DQGGLYLGHGE\WRGHWHUPLQHWKHDGLSRVH
WLVVXHWKLFNQHVV $77 IDWVNLQ OD\HUFRYHULQJWKHPXVFOH7KHPD[LPXPYROXQWDU\
FRQWUDFWLRQIRUFH09&RIHDFKVXEMHFWZDVGHWHUPLQHGDWOHDVWPLQEHIRUHWKHWHVW
’LVWULEXWLRQDQGPHDQ±6’YDOXHVRI$77DQG09&DUHDOVRVKRZQLQ)LJ$OOEXW
WHQRIWKHVXEMHFWVZHUHULJKWKDQGHG$OWKRXJKQRQHRIWKHVXEMHFWVXVHGDKHDY\PHDO
WKHPHWDEROLFVWDWHRIWKHVXEMHFWVPLJKWVOLJKWO\GLIIHUZLWKLQWKHJURXS

QUANTITATIVE NIRS MEASUREMENTS 
1,56 HQDEOHV FDOFXODWLRQ RI YDULRXV TXDQWLWDWLYH YDULDEOHV LQ DUPRU OHJ XVLQJ D VLPSOH
SK\VLRORJLFDO LQWHUYHQWLRQ OLNH YHQRXV RU DUWHULDO RFFOXVLRQ 9HQRXV RFFOXVLRQ FDQ EH
DSSOLHGE\ LQIODWLQJDFXII WRDSUHVVXUHRIDSSUR[LPDWHO\PP+J6XFKDQRFFOXVLRQ
EORFNV YHQRXV RXWIORZ EXW GRHV QRW LPSHGH DUWHULDO LQIORZ$V D UHVXOW YHQRXV EORRG
YROXPHDVZHOODVYHQRXVSUHVVXUHLQFUHDVH7KHLQFUHDVHLQEORRGYROXPHLVPRQLWRUHGE\
1,56 DV DQ LQFUHDVH LQ R[\KDHPRJORELQ 2+E GHR[\KDHPRJORELQ ++E DQG WRWDO
KDHPRJORELQ W+E VLJQDOV )LJ  $IWHU UHOHDVH RI WKH YHQRXV RFFOXVLRQ DOO VLJQDOV
UDSLGO\UHWXUQWRSUHH[HUFLVHOHYHOV8VLQJWKHYHQRXVRFFOXVLRQPHWKRGLWLVSRVVLEOHWR
FDOFXODWHEORRGIORZ2FRQVXPSWLRQDQGYHQRXV2VDWXUDWLRQ
$UWHULDO RFFOXVLRQ LV DSSOLHG E\ LQIODWLQJ WKH FXII WR D SUHVVXUH RI DW OHDVW  WR 
PP+J DERYH V\VWROLF SUHVVXUH 7KLV ZD\ ERWK YHQRXV RXWIORZ DQG DUWHULDO LQIORZ DUH
EORFNHGDQGV\VWHPLFFLUFXODWRU\FKDQJHVDUHVXIILFLHQWO\HOLPLQDWHGLQWKHOLPE/DFNLQJ
WKH VXSSO\RIZHOOR[\JHQDWHGEORRGPXVFOHPHWDEROLVP IXOO\GHSHQGVRQ WKHDYDLODEOH
2 LQ ORFDO FDSLOODULHV DQG PXVFOH FHOOV ’HSOHWLRQ RI ORFDO DYDLODEOH 2 VWRUHV GXULQJ
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Fig. 1 Distribution and mean (±SD) values for the physical characteristics of the 139 
healthy volunteers. Distribution is plotted as bars, mean as straight lines, and standard 
deviation as dotted lines. The median, instead of mean, is shown when distribution failed 
normality. Male (black bars) and female (white bars) subjects are presented separately. 
A) Distribution of age with median. B) Distribution of height with mean ± SD. C) 
Distribution of weight with mean ± SD. D) Distribution of arm circumference with mean ± 
SD. E) Distribution of adipose tissue thickness (ATT) with median. F) Distribution of 
maximal voluntary contraction force (MVC) with mean ± SD. 

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Fig. 2 Real-time NIRS tracings of oxyhaemoglobin (O2Hb), deoxyhaemoglobin (HHb), and 
total haemoglobin (tHb) in response to 20 s of venous occlusion (VO) and 45 s of arterial 
occlusion (AO). Note that recovery after VO is very rapid while recovery from AO takes 
more than two minutes. 

DUWHULDORFFOXVLRQLVPRQLWRUHGE\1,56DVDGHFUHDVHLQ2+EDQGDFRQFXUUHQWLQFUHDVH
LQ++EZKLOH W+E UHPDLQV FRQVWDQW )LJ  $ K\SHUDHPLF UHVSRQVH FDQ EH REVHUYHG
DIWHUUHOHDVHRIWKHDUWHULDORFFOXVLRQ%ORRGYROXPHLQFUHDVHVUDSLGO\UHVXOWLQJLQDIUHVK
SRRORI2+EDQGDTXLFNZDVKRXWRI++E8VLQJWKHDUWHULDORFFOXVLRQPHWKRGDQGWKH
UHFRYHU\SKDVH LW LV SRVVLEOH WR FDOFXODWH2 FRQVXPSWLRQ UHR[\JHQDWLRQ UDWH DQG WKH
KDOIUHFRYHU\WLPHVRIWKHVLJQDOV
0HDQ±6’RIDOOTXDQWLWDWLYHLQYLYR1,56PHDVXUHPHQWVDUHSUHVHQWHG LQ7DEOH
)RUHDUPEORRG IORZ )%) DQGKDOIUHFRYHU\ WLPHV RI2+E DQG++EGLG QRW KDYH D
QRUPDO GLVWULEXWLRQ DQG DUH WKHUHIRUH SUHVHQWHG DVPHGLDQ LQ 7DEOH :KHQ VXEMHFWV
ZHUH WHVWHG PRUH WKDQ RQFH WKH DGGLWLRQDO UHVXOWV ZHUH QRW LQFRUSRUDWHG LQ WKH
FDOFXODWLRQ RI PHDQ ± 6’ YDOXHV +RZHYHU WKHVH DGGLWLRQDO LQGLYLGXDO GDWD ZHUH
LQFRUSRUDWHGLQWRWKHFDOFXODWLRQRIWKHUHSURGXFLELOLW\RIWKHYDULDEOH7KHUHSURGXFLELOLW\
RI TXDQWLWDWLYH1,56PHDVXUHPHQWVZDV FDOFXODWHG DV WKHZLWKLQVXEMHFW YDULDELOLW\ DQG
SUHVHQWHG DV FRHIILFLHQW RI YDULDWLRQ &9 LQ 7DEOH  7KLV ZLWKLQVXEMHFW YDULDELOLW\
UHSUHVHQWV D YDULDEOH QXPEHU RI UHSHDWHG PHDVXUHPHQWV IRU WKH LQGLYLGXDO VXEMHFWV
FRQVLVWLQJ RI DW OHDVW WKUHH UHSHDWHG PHDVXUHPHQWV SHU LQGLYLGXDO VXEMHFW ,W GRHV QRW
GLVFULPLQDWHEHWZHHQPHDVXUHPHQWVZLWKLQWKHVDPHWHVWVHVVLRQDQGPHDVXUHPHQWVRYHU
VHYHUDOGD\V7KHVHSDUDWHGDWDRIYDULDELOLW\ZLWKLQDWHVWVHVVLRQDQGRYHUVHYHUDOGD\VDUH
GHVFULEHGLQWKHSUHYLRXVFKDSWHUVRIWKLVWKHVLVDQGDUHLQDJUHHPHQWZLWKWKHRYHUDOO&9
SUHVHQWHGKHUH
7KHYDULRXVTXDQWLWDWLYHYDOXHVWKDWFDQEHREWDLQHGIURPLQYLYR1,56PHDVXUHPHQWV
DUHGHVFULEHGLQWKHIROORZLQJSDUDJUDSKVWRJHWKHUZLWKRXURZQGDWDDQGDQRYHUYLHZRI
WKHDYDLODEOHGDWDIURPWKHOLWHUDWXUH
450 500 550 600 650 700
-25
-20
-15
-10
-5
0
5
10
15
20
25
Co
n
ce
n
tra
tio
n 
ch
a
n
ge
s 
( µM
)
Time (s)
AOVO
O2Hb
HHb
tHb
QUANTITATIVE NIRS VARIABLES 
 99 
Table 1. Quantitative NIRS variables in healthy subjects at rest 
       
NIRS variable Normality Mean ± SD Median n P25 P75 
       
Venous occlusion       
Forearm blood flow  (ml⋅min-1⋅100ml-1) No - 0.88 104 0.63 1.35 
Venous saturation  (%) Yes 59 ± 20 - 23 46 72 
Oxygen consumption  (mlO2⋅min-1⋅100g-1) Yes 0.12 ± 0.06 - 24 0.08 0.15 
       
Arterial occlusion       
Oxygen consumption  (mlO2⋅min-1⋅100g-1) Yes 0.11 ± 0.04 - 138 0.08 0.14 
Reoxygenation rate (µM⋅s-1) Yes 2.0 ± 1.0 - 33 1.3 2.8 
Half-recovery time O2Hb  (s) No - 3.8 33 3.4 4.8 
Half-recovery time HHb  (s) No - 6.7 34 5.5 7.9 
Half-recovery time tHb  (s) Yes 1.4 ± 0.8 - 29 1.0 1.8 
Values are measured in the flexor digitorum superficialis muscle with an interoptode distance of 35 
mm. Group values were tested for normality with the Kolmogorov-Smirnov test. SD: standard 
deviation, n: number of subjects, P25: 25th percentile, P75: 75th percentile.  

Oxygen consumption 
0HWKRG
0HDVXUHPHQWRIPXVFOH2FRQVXPSWLRQLVRIJUHDWLPSRUWDQFHLQWKHLQYHVWLJDWLRQRILQ
YLYRPXVFOHPHWDEROLVPLQKHDOWKDQGGLVHDVH:KHUHDVWKHPRUHFRQYHQWLRQDOWHFKQLTXHV
OLNH VWUDLQJDXJH SOHWK\VPRJUDSK\ FRPELQHG ZLWK EORRG JDV DQDO\VLV DUH LQYDVLYH DQG
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
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@ DQG FDQ WKHQ EH
GHULYHGIURPWKHUDWHRIGHFUHDVHLQ2+E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RUIURPWKHUDWHRIGHFUHDVHLQ+EGLII
GLYLGHGE\1RLQIORZDQGRXWIORZUHVXOWVLQDVWDWLFFRPSDUWPHQWRIEORRGZKHUHWKH
GHFUHDVHRI2IURP2+ELVGLUHFWO\UHODWHGWRFRQVXPSWLRQ
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DFFRXQWWKDWHDFK+EPROHFXOHELQGVIRXU2PROHFXOHVDQGWKDWWKHPRODUYROXPHRIJDV
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Table 2. Within-subject variability of in vivo quantitative NIRS variables in healthy subjects at rest 
    
NIRS variable CV (%) nCV  
    
Venous occlusion    
Forearm blood flow  (ml⋅min-1⋅100ml-1) 25.2 103  
Venous saturation  (%) 37.7 21  
Oxygen consumption  (mlO2⋅min-1⋅100g-1) 33.5 104  
    
Arterial occlusion    
Oxygen consumption  (mlO2⋅min-1⋅100g-1) 16.3 83  
Reoxygenation rate (µM⋅s-1) 23.4 6  
Half-recovery time O2Hb  (s) 16.9 6  
Half-recovery time HHb  (s) 16.1 6  
Half-recovery time tHb  (s) 53.9 6  
CV: coefficient of variation, indicating the within-subject variability derived from repeated 
measurements. nCV: number of subjects in calculation of CV. 
 

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YHQRXVYVDUWHULDORFFOXVLRQDVZHOODVWKHFKRLFHRIDQDO\VLV
2+EYV+EGLIIYV++EFDQDOVRUHVXOWLQGLIIHUHQWYDOXHVIRU 29P  

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Table 3. Resting quantitative NIRS muscle oxygen consumption (in mlO2⋅min-1⋅100g-1) from literature. 
        
Authors DPF IO Method Analysis Muscle n Mean ± SD 
        
Van Beekvelt et al. 2002b 4.0 35 AO O2Hb FDS 6 0.14 ± 0.02 
 4.0 35 AO Hbdiff FDS 6 0.15 ± 0.03 
Van Beekvelt et al. 2001a 4.0 35 AO Hbdiff FDS 78 0.11 ± 0.04 
Van Beekvelt et al. 2001b 4.0 35 AO Hbdiff FDS 26 0.11 ± 0.03 
 4.0 50 AO Hbdiff FDS 26 0.09 ± 0.03 
 4.0 35 AO Hbdiff BR 26 0.13 ± 0.03 
 4.0 50 VO HHb FDS 26 0.08 ± 0.04 
 4.0 35 VO HHb BR 26 0.14 ± 0.10 
Kragelj et al. 2000* ? 40 AO O2Hb Foot 6 0.08 ± 0.01 
Van Beekvelt et al. 1999 4.0 35 AO O2Hb FDS 27 0.11 ± 0.03 
Paunescu et al. 1999 ? 20-35 VO HHb GASTR 8 0.10 
Niwayama et al. 1999 ? 30 AO O2Hb Forearm 15 0.12 ± 0.05 
 ? 30 AO O2Hb Forearm 15 0.21 ± 0.03 
Binzoni et al. 1998* 5.0 30 AO O2Hb GASTR 8 0.08 ± 0.05 
 5.0 30 AO O2Hb GASTR 8 0.16  
 5.0 30 AO O2Hb GASTR 8 0.04 
De Blasi et al. 1997* 4.16 35 VO Hbdiff BR  10 0.07 ± 0.02 
 4.16 35 AO Hbdiff BR 10 0.06 ± 0.02 
Colier et al. 1995* 4.3 45 AO O2Hb SOL 11 0.06 ± 0.03 
De Blasi et al. 1994* 4.3 30-40 VO HHb BR 11 0.10 ± 0.03 
De Blasi et al. 1993* 3.1-5.1 28-32 AO Hbdiff BR day 1 7 0.03 ± 0.01 
 3.1-5.1 28-32 AO Hbdiff BR day 2  0.05 ± 0.02 
De Blasi et al. 1992* 3.59 30-35 AO Hbdiff BR 6 0.11 ± 0.06 
Cheatle et al. 1991 5.4 30-50 AO O2Hb Calf 21 0.20 
DPF: differential path-length factor, IO: interoptode distance in mm, AO: arterial occlusion, VO: venous 
occlusion, FDS: flexor digitorum superficialis muscle, BR: brachioradialis muscle, GASTR: 
gastrocnemius muscle, SOL: soleus muscle, n: number of subjects, ?: no data available. Values from 
studies marked with * are converted to mlO2⋅min-1⋅100g-1. 


29P  YDOXHVIRUERWKPHWKRGVLVVKRZQLQ)LJ7KHPHDQYDOXHVIRU

29P  IRXQGLQ
WKLVODUJHSRRORIKHDOWK\VXEMHFWV7DEOHZHUHSHUIHFWO\LQDJUHHPHQWZLWKWKHRYHUDOO
YDOXH IRXQG IRU DOO 1,56 VWXGLHV ± PO2⋅PLQ⋅J 7DEOH 0RUHRYHU
WKH\ DUH DOVR LQ DJUHHPHQWZLWK WKH YDOXHV IRXQG LQ WKHPRUH HVWDEOLVKHG EXW LQYDVLYH
)LFN PHWKRG DV ZHOO DV ZLWK WKH YDOXHV IRXQG ZLWK SKRVSKRUXV PDJQHWLF UHVRQDQFH
VSHFWURVFRS\ 3056 ZKLFK LV WKRXJKW WR EH WKH JROG VWDQGDUG IRU QRQLQYDVLYH
PHDVXUHPHQWRIVNHOHWDOPXVFOHPHWDEROLVPGXULQJH[HUFLVH7DEOH
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Fig. 3 Muscle oxygen consumption ( 2OVm  ) in the flexor digitorum superficialis muscle, 
A) calculated during arterial occlusion with B) distribution of individual values, and C) 
calculated during venous occlusion with D) distribution of individual values. 

7KH ZLWKLQVXEMHFW YDULDELOLW\ IRU

29P   GHULYHG IURP UHSHDWHGPHDVXUHPHQWV ZDV
FDOFXODWHG IRU WKH PDMRULW\ RI WKH VXEMHFWV DQG SUHVHQWHG LQ 7DEOH  DV FRHIILFLHQW RI
YDULDWLRQ &9&DOFXODWLRQRI WKHFRHIILFLHQWRIYDULDWLRQZDVGRQHRYHUDPLQLPXPRI
WKUHHUHSHDWHGPHDVXUHPHQWVHLWKHUZLWKLQRQHWHVWVHVVLRQRURYHUVHYHUDOGD\V$OWKRXJK
WKH PHDQ JURXS YDOXHV IRU UHVWLQJ

29P   ZHUH VLPLODU IRU ERWK YHQRXV DQG DUWHULDO
RFFOXVLRQPHWKRGVWKHZLWKLQVXEMHFWYDULDELOLW\ZDVVXEVWDQWLDOO\GLIIHUHQWEHWZHHQERWK
PHWKRGV 7DEOH  7KH&9 IRU WKH YHQRXV RFFOXVLRQPHWKRGZDVPRUH WKDQ WZLFH DV
KLJK WKDQ WKDW IRU WKH DUWHULDO RFFOXVLRQPHWKRG  DQG  UHVSHFWLYHO\ 7KLV
RYHUDOO ZLWKLQVXEMHFW YDULDELOLW\ IRU

29P   FRPELQHG DOO DYDLODEOH GDWD DQG GLG QRW
GLVFULPLQDWH EHWZHHQ UHSHDWHG PHDVXUHPHQWV ZLWKLQ RQH WHVW VHVVLRQ DQG RYHU VHYHUDO
GD\V +RZHYHU WKH YDOXHV ZHUH URXJKO\ WKH VDPH DV WKRVH GHVFULEHG LQ WKH SUHYLRXV
FKDSWHUV 5HSURGXFLELOLW\ RI

29P   GHULYHG IURP YHQRXV RFFOXVLRQ ZLWKLQ RQH WHVW
VHVVLRQ LV GHVFULEHG LQ &KDSWHU  7KH UHSURGXFLELOLW\ RI

29P   GHULYHG IURP DUWHULDO
RFFOXVLRQRYHUVHYHUDOGD\VLVGHVFULEHGLQ&KDSWHU,Q&KDSWHUUHSURGXFLELOLW\ZLWKLQ
RQHWHVWVHVVLRQLVHYDOXDWHGIRUERWK

29P  GHULYHGIURPYHQRXVDQGDUWHULDORFFOXVLRQ
mVO2 (mlO2⋅min-1⋅100g-1)
0.0 0.1 0.2 0.3 0.4
Fr
e
qu
en
cy
0
5
10
15
20
25
Time (s)
0 10 20 30 40 50
Co
n
c.
 
ch
an
ge
s 
(µ M
⋅
s-
1 )
-2
0
2
4
6
8
10
12
C D
n = 104
tHb
HHb
O2Hb
mVO2 = -δHHb/δt
mVO2 (mlO2⋅min-1⋅100g-1)
0.0 0.1 0.2 0.3 0.4
Fr
eq
ue
nc
y
0
5
10
15
20
25
30
35
Time (s)
0 25 50 75 100
Co
nc
.
 
ch
an
ge
s 
(µ M
⋅
s-
1 )
-30
-20
-10
0
10
20
30
40
A B
n = 138mVO2 = -δO2Hb/δt
mV= (-δHbdiff/δt)/2
O2Hb
Hbdiff
QUANTITATIVE NIRS VARIABLES 
 103 
Table 4. Forearm oxygen consumption measured by other methods. 
      
Authors Method Flow measurement Localisation n Mean ± SD 
      
Van Beekvelt et al. 2001b Fick Plethysmography Forearm 26 0.15 ± 0.06 
Sako et al. 2001* 31P-MRS - FDS 12 0.16 ± 0.02 
Hamaoka et al. 1996* 31P-MRS - FDS 5 0.16 
Wang et al. 1990* 31P-MRS - Forearm 1 0.17 
Hartling et al. 1989* Fick Dye dilution Forearm 5 0.14 ± 0.09 
Wahren 1966 Fick Plethysmography Forearm 10 0.30 ± 0.09 
Andres et al. 1956 Fick Dye dilution Forearm 8 0.26 ± 0.08 
Mottram 1955 Fick Plethysmography Forearm 16 0.23 ± 0.07 
Holling 1939* Fick Plethysmography Forearm 34 0.11 
Mean (± SD) forearm oxygen consumption in mlO2⋅min-1⋅100g-1. Fick oxygen consumption is derived 
from the arteriovenous O2 difference (derived by blood gas analysis) times blood flow. 31P-MRS: 
phosphorus magnetic resonance spectroscopy, FDS: flexor digitorum superficialis muscle, n: number 
of subjects. Values from studies marked with * are converted to mlO2⋅min-1⋅100g-1. 

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Table 5. Resting quantitative NIRS blood flow values (in ml⋅min-1⋅100ml-1) from literature. 
      
Authors DPF IO Muscle n Mean ± SD 
      
Van Beekvelt et al. 2001a 4.0 35 FDS 78 1.28 ± 0.82 
Van Beekvelt et al. 2001b 4.0 35 FDS 26 0.72 ± 0.32 
 4.0 50 FDS 26 0.57 ± 0.26 
 4.0 35 BR 26 1.42 ± 1.04 
Van Beekvelt et al. 1999 4.0 35 FDS 27 0.72 ± 0.33 
Paunescu et al. 1999 ? 20-35 GASTR 8 0.73 
De Blasi et al. 1994 4.3 30-40 BR 11 1.9 ± 0.8 
Edwards et al. 1993 # $ 3.59 Through Forearm 6 2.35 ± 1.11 
DPF: differential path-length factor, IO: interoptode distance in mm, FDS: flexor digitorum superficialis 
muscle, BR: brachioradialis muscle, GASTR: gastrocnemius muscle, n: number of subjects, ?: no data 
available. # Blood flow measured by intravenous tracer instead of venous occlusion method. $ light 
detection through the arm instead of parallel optode placement. 

Table 6. Forearm blood flow measured by other methods. 
     
Authors Method Localisation n Mean ± SD 
     
Van Beekvelt et al. 2001b Plethysmography Forearm 26 2.1 ± 0.7 
De Blasi et al. 1994 Plethysmography Forearm 11 3.4 ± 1.3 
Edwards et al. 1993* Plethysmography Forearm 7 2.2 ± 1.1 
Hartling et al. 1989 Dye dilution Forearm 5 3.6 ± 2.2 
Wahren 1966 Plethysmography Forearm 10 3.8 ± 1.1 
Andres et al. 1956 Dye dilution Forearm 14 3.6 
Mottram 1955 Plethysmography Total forearm 16 3.2 
 Estimation Forearm muscle 16 2.9 
Mean (± SD) blood flow in ml⋅min-1⋅100ml-1. n: number of subjects. Values from studies marked with * 
are converted to mlO2⋅min-1⋅100g-1. 








Fig. 4 Forearm blood flow (FBF) in the flexor digitorum superficialis muscle, A) calculated 
during venous occlusion. B) distribution of individual values. The straight line represents 
the median. 
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Venous oxygen saturation 
0HWKRGV
$QRWKHUYDULDEOHWKDWFDQEHGHULYHGIURPYHQRXVRFFOXVLRQLVSHULSKHUDOYHQRXVR[\JHQ
VDWXUDWLRQ 6Y2 DQG KDV EHHQ GHVFULEHG E\ <R[DOO 	:HLQGOLQJ ><R[DOO HW DO @
6Y2 FDQ EH RI VSHFLDO LQWHUHVW LQ QHRQDWRORJ\ ZKHUH NQRZOHGJH RI FHUHEUDO
KDHPRG\QDPLFVDQGR[\JHQDWLRQDUHRISULPDU\LPSRUWDQFHIRUVXUYLYDORIWKHSUHPDWXUH
QHRQDWHVLQFHSHULSKHUDO6Y2 LV WKRXJKWWRSURYLGHDQ LQGH[RI WKHDGHTXDF\RIJOREDO
R[\JHQDWLRQ ><R[DOO HW DO @ 6Y2 FDQ EH FDOFXODWHG IURP WKH UDWLR RI LQFUHDVH LQ
∆2+EWRLQFUHDVHLQ∆W+EGXULQJYHQRXVRFFOXVLRQ

++E+E2
+E2
6Y2


 +
= 

7KLV LV LQGHSHQGHQW RI WKH RSWLFDO SDWKOHQJWK VLQFH DEVROXWH TXDQWLILFDWLRQ RI WKH
FKURPRSKRUH FRQFHQWUDWLRQ FKDQJHV LV QRW UHTXLUHG $V GHVFULEHG E\ <R[DOO DQG
:HLQGOLQJ><R[DOOHWDO@6Y2 LVEHVWGHWHUPLQHGIURPWKHILUVWVRIWKHYHQRXV
RFFOXVLRQ ZKLOH DQ RFFOXVLRQ LV FRQVLGHUHG WR EH VDWLVIDFWRU\ IRU DQDO\VLV LI WKHUH LV D
VWHDG\EDVHOLQHEHIRUHWKHRFFOXVLRQDULVHLQERWK2+EDQG++EGXULQJWKHRFFOXVLRQ
DQGDUHWXUQWREDVHOLQHDIWHUUHOHDVHRIWKHRFFOXVLRQ

/LWHUDWXUH
$SDUWIURPWKH WZRDERYHPHQWLRQHGVWXGLHV 7DEOHQRRWKHUSXEOLFDWLRQVRQ1,56
YHQRXVR[\JHQVDWXUDWLRQRIPXVFOHWLVVXHDUHNQRZQ,QDQRWKHUVWXG\FHUHEUDOR[\JHQ
VDWXUDWLRQ ZDV GHWHUPLQHG LQ KHDOWK\ QHZERUQ LQIDQWV E\ RFFOXGLQJ WKH MXJXODU DUWHU\
>%XFKYDOGHWDO@

’DWD
:HKDYHFDOFXODWHGYHQRXVR[\JHQVDWXUDWLRQLQVXEMHFWVDVLVVKRZQLQ7DEOH7KH
GLVWULEXWLRQRIWKHLQGLYLGXDOYDOXHVSDVVHGWKHQRUPDOLW\WHVWDQGLVVKRZQLQ)LJ2XU
PHDQYDOXHIRU6Y2DQGPHGLDQDVZHOOZDVVXEVWDQWLDOO\ORZHUWKDQWKDWIRXQG
E\<R[DOO	:HLQGOLQJ><R[DOOHWDO<R[DOOHWDO@ZKLOHWKHUDQJHZDVPXFK
ZLGHU7KHUHSURGXFLELOLW\RI6Y2 SUHVHQWHGDV&9 LQ7DEOHZDVKLJKDQG LQPDQ\
FDVHVWKHDVVXPSWLRQVDVSURSRVHGE\<R[DOO	:HLQGOLQJFRXOGQRWEHIXOILOOHGEHFDXVH
RI IOXFWXDWLRQV LQ EDVHOLQH OHYHOV WKDW LQWHUIHUHG ZLWK UHFRYHU\ WUDFLQJV :KHQ 2+E
VKRZHGDGHFUHDVHLQVWHDGRILQFUHDVHWKHGDWDZDVH[FOXGHGIURPDQDO\VLV+RZHYHULQD
QXPEHURIVXEMHFWV2+EVKLIWHGIURPLQFUHDVHWRGHFUHDVHZLWKLQVRIRFFOXVLRQDQG
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Table 7. Resting quantitative NIRS venous oxygen saturation (in %) from literature. 
      
   NIRS  Co-oximeter 
        
Authors n Localisation Median Range  Median Range 
        
Yoxall et al. 1997 19 adults Forearm 71.3 50.1 – 80.0  71.9 50.4 – 92.0 
Yoxall et al. 1996 16 infants Forearm 71.6 50.7 – 79.7  75.9 60.8 – 90.7 
n: number of subjects. 









Fig. 5 Venous oxygen saturation (SvO2) in the flexor digitorum superficialis muscle, A) 
calculated during venous occlusion. B) distribution of individual values. Mean is 
presented as a straight line, SD as dotted lines. 

DVORQJDVWKHLQFUHDVHH[LVWHGGXULQJWKHVRIDQDO\VLVGDWDZDVLQFOXGHG:HIRXQGWKDW
WKHUDQJHRI6Y2ZDVYHU\ZLGHUDQJLQJIURPYHQRXVVDWXUDWLRQ&RQVLGHULQJ
WKDW WKHPHDVXUHPHQWVZHUH DOO GRQH DW UHVW LW LV RXU RSLQLRQ WKDW WKLV YDULDEOH LV QRW
DFFXUDWH IRU LQ YLYR PHDVXUHPHQWV 7KHUHIRUH ZH KDYH QHJOHFWHG WKH YDULDEOH LQ WKH
DQDO\VLVRIWKHVWXGLHVGHVFULEHGLQWKLVWKHVLV

Half-recovery time 
0HWKRGV
7KH UHFRYHU\ RI 2+E DIWHU H[HUFLVH RU LVFKHPLD UHSUHVHQWV WKH WLPH QHHGHG IRU
UHVDWXUDWLRQRIGHR[\JHQDWHGKDHPRJORELQDQGP\RJORELQDQGLVWKRXJKWWRUHIOHFWERWK
WKH LQIOX[ RI R[\JHQDWHG DUWHULDO EORRG DQG WKH FRQWLQXHG 2 FRQVXPSWLRQ GXULQJ
UHFRYHU\>&KDQFHHWDO0F&XOO\HWDOD0F&XOO\HWDOE@
7ZR GLIIHUHQW DSSURDFKHV DUH NQRZQ WR FDOFXODWH KDOIUHFRYHU\ WLPHV IURP 1,56
VLJQDOV7KHILUVWDSSURDFKZDVGHVFULEHGE\&KDQFHHWDO>&KDQFHHWDO@DVWKHWLPH
QHHGHGIRUKDOIUHFRYHU\RI2+EIURPPD[LPXPGHR[\JHQDWLRQDWWKHHQGRIRFFOXVLRQ
WR PD[LPXP UHR[\JHQDWLRQ GXULQJ K\SHUDHPLD W )LJ $ $QRWKHU PRUH HOHJDQW
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
PHWKRGWRFDOFXODWHKDOIUHFRYHU\WLPHVRU WLPHFRQVWDQWV 7F LVE\ILWWLQJWKHUHFRYHU\
VLJQDO WR D PRQRH[SRQHQWLDO FXUYH IURP ZKLFK D WLPH FRQVWDQW RU WDX YDOXH FDQ EH
GHULYHG>0F&XOO\HWDOD@)LJ%>0F&XOO\HWDOE@
7KHODWWHUPHWKRGLVLGHQWLFDOWRWKHGHWHUPLQDWLRQRISKRVSKRFUHDWLQH3&UUHFRYHU\
WKDW LV FRPPRQO\ XVHG LQ SKRVSKRUXV PDJQHWLF UHVRQDQFH VSHFWURVFRS\ 3056
&KDSWHU +RZHYHU DV FDQ EH VHHQ LQ )LJ WKLVPHWKRG LV RQO\ SRVVLEOHZKHQ WKH
K\SHUDHPLFUHVSRQVHLVVPDOORUDEVHQWEHFDXVHLQFDVHRIDGLVWLQFWK\SHUDHPLFUHVSRQVH
WKHVLJQDOLVQRORQJHUPRQRH[SRQHQWLDO
6LPLODUWRWKHFDOFXODWLRQVRI2+EEXWQRWGHVFULEHGLQOLWHUDWXUHKDOIUHFRYHU\WLPH
FRXOG DOVR EH FDOFXODWHG IURP ++E DQG W+E :KHUHDV UHFRYHU\ RI 2+E UHYHDOV
LQIRUPDWLRQDERXWDUWHULDOLQIORZDQGFRQWLQXHG2FRQVXPSWLRQ++EUHIOHFWVYHQRXV
RXWIORZDQGFRQWLQXHG2FRQVXPSWLRQZKLOHW+EUHIOHFWVWKHEDODQFHEHWZHHQDUWHULDO
LQIORZDQGYHQRXVRXWIORZ

/LWHUDWXUH
+DOIUHFRYHU\WLPHPHDVXUHGE\1,56KDVVRIDUEHHQVFDUFHO\XVHG7DEOH+RZHYHU
WKLV YDULDEOH PLJKW EH DQ LQWHUHVWLQJ SDUDPHWHU LQ WKH LQYHVWLJDWLRQ RI WUDLQHG YHUVXV
XQWUDLQHG RU KHDOWK YHUVXV GLVHDVH &KDQFH HW DO >&KDQFH HW DO @ ZDV WKH ILUVW WR
H[SORUH WKLVYDULDEOH LQ UHVSRQVH WR WKH LQWHQVLYHH[SHULPHQWVRQUHFRYHU\ WLPHVRI3&U
XVLQJ 3056 7KH\ PHDVXUHG WKH UHFRYHU\ WLPH IRU KDHPRJORELQP\RJORELQ
GHVDWXUDWLRQ LQ WKH TXDGULFHSV RI HOLWH PDOH DQG IHPDOH URZHUV IROORZLQJ ZRUN QHDU
PD[LPDO YROXQWDU\ FRQWUDFWLRQ IRUFH7KH UHFRYHU\ IURPGHVDWXUDWLRQ DIWHU VXEPD[LPDO
H[HUFLVHUDQJHGEHWZHHQDQGVZKLOHUHVDWXUDWLRQWLPHVZHUHIRXQGWRLQFUHDVHZLWK
LQWHQVLW\RIZRUN
7KLVZDVIROORZHGE\0F&XOO\HWDO>0F&XOO\HWDOE@ZKRXVHGUHFRYHU\WLPHVWR
VWXG\H[HUFLVHLQGXFHGFKDQJHVLQHOGHUO\VXEMHFWVZLWKSHULSKHUDOYDVFXODUGLVHDVH39’
DQGIRXQG WKDW WKH WLPHFRQVWDQWRI UHFRYHU\ PRQRH[SRQHQWLDOFXUYH ILWPHDVXUHG LQ
WKHFDOIZDVVLJQLILFDQWO\GHOD\HGLQ39’,QDQRWKHUVWXG\RIWKLVJURXS>0F&XOO\HWDO
D@1,56DQG3056ZHUHVLPXOWDQHRXVO\XVHGDQG2+EUHFRYHU\ZDVFRPSDUHG
ZLWK3&UUHFRYHU\DIWHUPD[LPDODQGVXEPD[LPDOSODQWDU IOH[LRQ ,WZDV IRXQG WKDW WKH
UDWHRIUHFRYHU\ZDVPXFKVORZHUIRU3&UWKDQIRU2+E
&RQWUDU\WR&KDQFHHWDO>&KDQFHHWDO@0F&XOO\HWDO>0F&XOO\HWDOD@GLG
QRWILQGDGLIIHUHQFHLQ2+EUHFRYHU\EHWZHHQPD[LPDODQGVXEPD[LPDOH[HUFLVHZKLOH
3&UUHFRYHU\ZDVORQJHUDIWHUPD[LPDOWKDQDIWHUVXEPD[LPDOH[HUFLVH,QDVWXG\WKDWZH
SHUIRUPHGXQSXEOLVKHGGDWDZHIRXQG LQDJUHHPHQWZLWK&KDQFHHWDO>&KDQFHHWDO
@WKDW2+EUHFRYHU\LQFUHDVHGZLWKLQWHQVLW\RIZRUN


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’DWD
%HFDXVHRIWKHK\SHUDHPLFUHVSRQVHWKDWZDVVHHQLQWKHDUPLQSUDFWLFDOO\DOOVXEMHFWVZH
KDYHFDOFXODWHGKDOIUHFRYHU\WLPHLQWKHIRUHDUPDVWKHWLPHQHHGHGIRUKDOIUHFRYHU\RI
2+E IURP PD[LPXP GHR[\JHQDWLRQ DW WKH HQG RI RFFOXVLRQ WR PD[LPXP UH
R[\JHQDWLRQGXULQJK\SHUDHPLD W(TXDOO\ WKHWRI++EZDVFDOFXODWHGDV WKH WLPH
QHHGHGIRUKDOIUHFRYHU\RI++EIURPWKHPD[LPXPDFFXPXODWLRQRI++EDWWKHHQGRI
RFFOXVLRQWRWKHPD[LPXPZDVKRXWGXULQJK\SHUDHPLDZKLOHWRIW+EZDVFDOFXODWHGDV
WKHKDOIWLPHIURPWKHHQGRIRFFOXVLRQWRSHDNEORRGYROXPHLQFUHDVH$OOKDOIUHFRYHU\
WLPHVSUHVHQWHGKHUHDUHSUHFHGHGE\DQDUWHULDORFFOXVLRQRIV7KHKDOIUHFRYHU\WLPH
LVPRVW SUREDEO\ LQIOXHQFHG E\ WKH GXUDWLRQ RI WKH DUWHULDO RFFOXVLRQ ,QZKDWZD\ WKH
GXUDWLRQRIRFFOXVLRQDIIHFWVWKHUHFRYHU\WLPHVUHPDLQVWREHLQYHVWLJDWHG
:KLOHW+ESDVVHGWKHQRUPDOLW\WHVWWKHGLVWULEXWLRQRI2+EDQG++EZDVGHYLDWHG
IURP*DXVVLDQGLVWULEXWLRQ0HDVXUHGDWUHVWLQWKHIRUHDUPRIKHDOWK\VXEMHFWV7DEOH









Fig. 6 Half-time recovery, calculated as A) the time needed for half recovery of O2Hb from 
maximum deoxygenation at the end of arterial occlusion or exercise to maximum re-
oxygenation during hyperaemia, and B) the tau value derived from a mono-exponential 
curve-fit of O2Hb recovery after exercise as is standard for calculation of PCr resynthesis 
with 31P-MRS. 

Table 8. Half-recovery time (s) after exercise from literature. 
     
Authors Exercise protocol Muscle n Mean ± SD 
     
McCully et al. 1994a  Submax PF, incremental, 5 min GASTR 5 28 ± 6 
 Max PF, 64 s GASTR 5 29 ± 6 
McCully et al. 1994b  PF, 3.4-9.1 kg, 1 min GASTR 6 22 ± 9 
Chance et al. 1992  100% MVC QUADRI 7 36 ± 4 
n: number of subjects, PF: plantar flexion, GASTR: gastrocnemius muscle, QUADRI: quadriceps 
muscle. 
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ZHIRXQGWKDWKDOIUHFRYHU\WLPHWDIWHUFHVVDWLRQRIDUWHULDORFFOXVLRQDWUHVWZDV
IDVWHVW LQ W+E 5HSOHQLVKPHQW RI 2+E LQ WKH FDSLOODU\ EHG DQG PXVFOH FHOOV ZDV
VLJQLILFDQWO\ VORZHU 3 EXW VWLOO IDVWHU WKDQ WKH ZDVKRXW RI ++E 3
)ULHGPDQZLWKSRVWWHVW7KHGLVWULEXWLRQRIWKHKDOIUHFRYHU\WLPHVLVVKRZQLQ)LJ
%RWKRXWOLHUVIRUW2+EDQGW++ERULJLQDWHGIURPWKHVDPHVXEMHFWEXWWKLVZDV
QRW WKHFDVHIRU WW+E,QDOOVXEMHFWV UHFRYHU\RI W+EZDVIDVWHVW Q  ,QDOOEXW
WZRVXEMHFWVQ 2+EZDVIDVWHUWKDQ++EUHFRYHU\7KHZLWKLQVXEMHFWYDULDELOLW\
IRU WKHYDULRXVKDOIUHFRYHU\ WLPHVGHULYHG IURP UHSHDWHGPHDVXUHPHQWVZDV FDOFXODWHG
RYHU VHYHUDO GD\V LQ  VXEMHFWV 7DEOH  5HSURGXFLELOLW\ ZDV JRRG IRU W2+E DQG
W++EEXWSRRUIRUWW+E
7KHIDVWHUUHFRYHU\RIW+EDVFRPSDUHGZLWK2+EZDVLQDJUHHPHQWZLWK&KDQFHHW
DOZKRIRXQGWKDWWKHLQFUHDVHLQEORRGYROXPHGXULQJUHFRYHU\IURPH[HUFLVHZDVDOVR
FOHDUO\ IDVWHU WKDQ WKDW RI UHVDWXUDWLRQ DV PLJKW EH H[SHFWHG EHFDXVH WKH IRUPHU
UHSUHVHQWV D UHVWRUDWLRQ RI EORRG YROXPH DQG WKH ODWWHU D UHSD\PHQW RI R[\JHQ GHILFLW
>&KDQFHHWDO@7KHVORZHUUHFRYHU\WKDWZDVIRXQGIRU++EUHSUHVHQWLQJYHQRXV
RXWIORZ LV SUREDEO\ GXH WR WKH GHOD\ LQ YDVRGLODWLRQ LQGLFDWHG E\ WKH LQFUHDVHG EORRG
YROXPHWKDWUHIOHFWVWKHPLVPDWFKEHWZHHQDUWHULDOLQIORZDQGYHQRXVRXWIORZ

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
Fig. 7 A) Calculation of half-recovery time (t50) in the flexor digitorum superficialis muscle, 
after cessation of arterial occlusion at rest. Distribution (bars), mean (straight line), and 
SD (dotted lines) for half-recovery time of B) oxyhaemoglobin (O2Hb), C) 
deoxyhaemoglobin (HHb), and D) total haemoglobin (tHb). 
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:HKDYHIRXQGWKDW LQWKHIRUHDUPDGLVWLQFWK\SHUDHPLFUHVSRQVHDIWHUFHVVDWLRQRI
RFFOXVLRQRUH[HUFLVHLVSUDFWLFDOO\DOZD\VSUHVHQWWKHUHE\OHDYLQJWKHILUVWPHWKRGDVWKH
RQO\OHJLWLPDWHDSSURDFKIRUFDOFXODWLRQRIKDOIUHFRYHU\WLPHLQWKHIRUHDUP,Q&KDSWHU
ZHFDOFXODWHG UHFRYHU\ WLPHVXVLQJDPRQRH[SRQHQWLDO FXUYH ILWEHFDXVHK\SHUDHPLF
UHVSRQVHZDVVPDOORUDEVHQWLQWKHOHJ$VIRUWKHFDXVHRIWKHGLIIHUHQFHVEHWZHHQDUP
DQGOHJPHDVXUHPHQWVDVZHOODVIRU WKHGLIIHUHQFHVDQGSK\VLRORJLFDOUHOHYDQFHRIERWK
DSSURDFKHVPRUHUHVHDUFKLVQHFHVVDU\:KHWKHUKDOIUHFRYHU\WLPHLVGHSHQGHQW>&KDQFH
HW DO @ RU LQGHSHQGHQW >0F&XOO\ HW DO D@ RI ZRUN LQWHQVLW\ VKRXOG DOVR EH
DGGUHVVHGLQIXWXUHUHVHDUFK

Reoxygenation rate 
0HWKRGV
$QRWKHUYDULDEOHWKDWFDQEHFDOFXODWHGLQUHODWLRQWRUHFRYHU\IURPDUWHULDORFFOXVLRQRU
H[HUFLVH LV WKH UDWH RI2+E UHR[\JHQDWLRQ:KHUHDV WKH KDOIUHFRYHU\ LV D IXQFWLRQRI
WLPH WKH UHR[\JHQDWLRQ UDWH UHIOHFWV WKH YHORFLW\ DW ZKLFK WKH UHFRYHU\ VWDUWV RII DIWHU
UHOHDVHRIH[HUFLVHRULVFKHPLD
7KH UHR[\JHQDWLRQ UDWH ∆2+E LQµ0⋅VZDV FDOFXODWHG DV WKH UDWH RI LQFUHDVH LQ
2+E GXULQJ WKH LQLWLDO  V DIWHU FHVVDWLRQ RI RFFOXVLRQ DQGRU H[HUFLVH 7KLV YDULDEOH
UHIOHFWV WKH LQLWLDO LQIORZ RI 2+E RYHU D IL[HG WLPH SHULRG DQG LV WKHUHIRUH QRW
LQIOXHQFHGE\ WKHSUHVHQFHRUDEVHQFHRIDK\SHUDHPLF UHVSRQVH:KHUHDV WKH UHFRYHU\
WLPH RU KDOIUHFRYHU\ WLPH LQFOXGHV DOO SURFHVVHV IRU WRWDO UHFRYHU\ RI YDVFXODU2+E
PXVFXODU 20E DV ZHOO DV WKH FRQWLQXHG R[\JHQ FRQVXPSWLRQ GXULQJ UHFRYHU\ WKH
UHR[\JHQDWLRQ UDWH LV WKRXJKW WR UHIOHFW WKH IDVW LQLWLDO UHFRYHU\ UDWH DW ZKLFK SULPDULO\
YDVFXODUFRPSRQHQWVDUHUHVWRUHG,WLVGLUHFWO\UHODWHGWRPLFURYDVFXODUIXQFWLRQDQGFDQ
WKHUHIRUH EH D IXQFWLRQDO QHZ YDULDEOH LQ WKHLQYHVWLJDWLRQ RI GLVRUGHUV FRQFHUQLQJ2
GHOLYHU\RULQWKHGLVFULPLQDWLRQEHWZHHQGLVRUGHUVRI2GHOLYHU\DQG2FRQVXPSWLRQ
7KHUHR[\JHQDWLRQUDWHPLJKW VLPLODU WR WKHKDOIUHFRYHU\ WLPHEH LQIOXHQFHGE\ WKH
GXUDWLRQRIWKHSUHFHGLQJDUWHULDORFFOXVLRQEHLQJVLQRXUVWXG\+RZHYHUVLQFHWKH
UHR[\JHQDWLRQ UDWH UHIOHFWV WKH LQLWLDO IDVW FRPSRQHQW RI WKH UHFRYHU\ WKH LQIOXHQFH LV
SUREDEO\OHVVWKDQWKDWRIWKHKDOIUHFRYHU\WLPH1HYHUWKHOHVVWKLVLVVXHUHPDLQVWREH
LQYHVWLJDWHGLQIXWXUHUHVHDUFK

/LWHUDWXUH
1RGDWDFRQFHUQLQJWKLVYDULDEOHLVDYDLODEOHIURPWKHOLWHUDWXUHSRVVLEO\GXHWRWKHKLJK
VDPSOH IUHTXHQF\ UHTXLUHG IRU WKLV YDULDEOH :H KDYH FKRVHQ WKLV YDULDEOH EHFDXVH LW
GHVFULEHV WKH IDVW FRPSRQHQW RI UHFRYHU\ DIWHU FHVVDWLRQRI H[HUFLVH RU RFFOXVLRQ WKXV
UHIOHFWLQJ PDLQO\ YDVFXODU FRPSRQHQWV DQG QRW WKH SHUIXVLRQ RI R[\JHQ RU WKH
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UHSOHQLVKPHQW RI WKH R[\JHQGHILFLW:H KDYH XVHG WKLV YDULDEOH LQ WKH LQYHVWLJDWLRQRI
GHUPDWRP\RVLWLV D PXVFOH GLVRUGHU FKDUDFWHULVHG E\ FRPSOHPHQW PHGLDWHG QHFURVLV
UHVXOWLQJLQLVFKHPLDDQGK\SRSHUIXVLRQDVLVGHVFULEHGLQ&KDSWHU

’DWD
7KHUHR[\JHQDWLRQUDWHRI2+EZDVFDOFXODWHGLQKHDOWK\VXEMHFWVDIWHUFHVVDWLRQRI
DUWHULDO RFFOXVLRQ DW UHVW 7DEOH  7KHZLWKLQVXEMHFW YDULDELOLW\ GHULYHG IURP UHSHDWHG
PHDVXUHPHQWVZDVWHVWHGLQVXEMHFWVRYHUVHYHUDOGD\VDQGZDVUHDVRQDEO\JRRG
ZKLOHWKHGLVWULEXWLRQRI LQGLYLGXDOYDOXHVZDVZLGH)LJ7KHUHFRYHU\UDWHDWUHVWDV
ZHOO DV IROORZLQJ YDULRXV H[HUFLVH LQWHQVLWLHV ZDV DOVR XVHG WR LQYHVWLJDWH WKH HIIHFW RI
WUHDWPHQWLQGHUPDWRP\RVLWLV

CONCLUSION 
,Q WKLVFKDSWHUZHKDYHFRPELQHGDOO UHVWLQJGDWDJDWKHUHGRYHU WKH ODVW IHZ\HDUV7KH
SXUSRVHRIFRPELQLQJWKHVHGDWDVHWVZDVWRHQODUJHWKHVXEMHFWSRRODQGWKXVREWDLQLQJ
LQIRUPDWLRQDERXWQRUPDOUDQJHDQGELRORJLFDOYDULDELOLW\RIWKHYDULRXV1,56YDULDEOHV
0RUHRYHUZHKDYHWULHGWRJLYHDQRYHUYLHZRIWKHSXEOLVKHGGDWDFRQFHUQLQJWKHYDULRXV
TXDQWLWDWLYH1,56YDULDEOHV
$VIRUWKHPRVWFRPPRQO\XVHGYDULDEOHR[\JHQFRQVXPSWLRQFDOFXODWHGIURPDUWHULDO
RFFOXVLRQ SURYHG UHSURGXFLEOH DQG ZDV LQ JRRG DJUHHPHQW ZLWK WKH OLWHUDWXUH ERWK
FRPSDUHGZLWK RWKHU1,56 VWXGLHV DVZHOO DV WRPRUH HVWDEOLVKHGPHWKRGV 7KH RWKHU
FRPPRQO\XVHGYDULDEOHEORRG IORZZDVDOVR UHSURGXFLEOHEXWWKHYDULDELOLW\EHWZHHQ
DQG ZLWKLQ VXEMHFWV ZDV ODUJHU WKDQ WKDW IRU R[\JHQ FRQVXPSWLRQ 7KLV KDV DOVR EHHQ
UHSRUWHGLQRWKHU1,56VWXGLHVDQGLQVHYHUDORWKHUIORZPHWKRGV
4XDQWLWDWLYH PHDVXUHPHQW RI YHQRXV R[\JHQ VDWXUDWLRQ IURP YHQRXV RFFOXVLRQ KDV
EHHQSURSRVHGDVDYDULDEOHRIVSHFLDO LQWHUHVW LQWKHQHRQDWRORJ\+RZHYHUFDOFXODWLRQ
RIYHQRXVR[\JHQVDWXUDWLRQLQRXUKHDOWK\DGXOWVXEMHFWVUDQJHGIURPLQQRUPDO
UHVWLQJFRQGLWLRQVDQGLWLVWKHUHIRUHRXURSLQLRQWKDWWKLVYDULDEOHFDQQRWEHDFFXUDWHO\
PHDVXUHGE\1,56
+DOIUHFRYHU\ WLPH RI 1,56 VLJQDOV KDV VR IDU RQO\ VFDUFHO\ EHHQ XVHG LQ WKH
LQYHVWLJDWLRQ RI KHDOWK YHUVXV SHULSKHUDO YDVFXODU GLVHDVH DQG IRU WKH FRPSDULVRQ RI
WUDLQHG YHUVXV XQWUDLQHG VXEMHFWV ,Q WKLV FKDSWHU ZH VKRZHG WKDW WKH ZLWKLQVXEMHFW
YDULDELOLW\RIUHSHDWHGPHDVXUHPHQWVZDVJRRGIRUERWKKDOIUHFRYHU\RIR[\KDHPRJORELQ
DV ZHOO DV GHR[\KDHPRJORELQ 7KH YDULDELOLW\ RI KDOIUHFRYHU\ RI K\SHUDHPLF EORRG
YROXPH FKDQJHV W+E DIWHU H[HUFLVH DQGRU RFFOXVLRQZDVPXFK ODUJHU DQG WKHUHIRUH
SUREDEO\ODFNVFOLQLFDOUHOHYDQFH


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
Fig. 8 Rate of reoxygenation (∆O2Hb) in the flexor digitorum superficialis muscle, 
calculated immediately after cessation of arterial occlusion at rest. A) Concentration 
changes of oxyhaemoglobin (O2Hb). B) Distribution, mean (straight line), and SD (dotted 
lines) for the individual values. 

)LQDOO\ WKH UHR[\JHQDWLRQ UDWH LV DQHZYDULDEOH UHSUHVHQWLQJ WKH IDVW LQLWLDO UHFRYHU\
UDWHDWZKLFKSULPDULO\YDVFXODUFRPSRQHQWVDUHUHVWRUHGDQGLVWKHUHIRUHGLUHFWO\UHODWHG
WRPLFURYDVFXODU IXQFWLRQ7KLV LQFRQWUDVW WR WKHKDOIUHFRYHU\ WLPHZKLFK LQFOXGHVDOO
SURFHVVHV IRU UHFRYHU\ RI YDVFXODU DQG PXVFXODU R[\JHQ FRQWHQW DV ZHOO:KHWKHU WKH
UHR[\JHQDWLRQUDWHKDVVXIILFLHQWFOLQLFDOUHOHYDQFHKDVWREHSURYHQLQIXWXUHUHVHDUFK$V
GHVFULEHGLQWKLVWKHVLVWKLVYDULDEOHSURYHGIXQFWLRQDOLQWKHVXFFHVVIXOPRQLWRULQJRIWKH
HIIHFWRIPHGLFDWLRQFRUUHVSRQGLQJWRWKHFOLQLFDOILQGLQJV
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NIRS IN NEUROMUSCULAR METABOLIC DISORDERS 
,QWKHSUHYLRXVFKDSWHUVZHVKRZHGWKDW1,56DOORZVWKHQRQLQYDVLYHPHDVXUHPHQWRI
ORFDOR[\JHQDWLRQEORRGIORZDQGR[\JHQFRQVXPSWLRQ7KLVLVRIJUHDWLPSRUWDQFHIRU
HQKDQFLQJ WKH NQRZOHGJH RI QRUPDO SK\VLRORJLFDO UHVSRQVHV EXW FDQ DOVR EH RI JUHDW
EHQHILW LQ WKH LQYHVWLJDWLRQDQGXQGHUVWDQGLQJRISDWKRORJLFDO VLWXDWLRQVRI LPSDLUHG2
GHOLYHU\ RU 2 FRQVXPSWLRQ ,PSDLUHG 2 GHOLYHU\ QRW RQO\ RFFXUV XQGHU K\SR[LF
FRQGLWLRQV DV LV SUHVHQW HJ DW KLJK DOWLWXGH EXW FDQ DOVR EH GXH WR SXOPRQDU\
DEQRUPDOLWLHV KHDUW IDLOXUH RU SHULSKHUDO YDVFXODU GLVHDVH ,PSDLUHG 2 H[WUDFWLRQ FDQ
UHVXOWIURPGLIIXVLRQSUREOHPVPHWDEROLFHQ]\PHGHILFLHQFLHVRUPLWRFKRQGULDOGHIHFWV
,Q WKH SDVW IHZ \HDUV1,56 KDV VKRZQ WR EH D VHQVLWLYH WRRO LQ WKH GLVFULPLQDWLRQ
EHWZHHQ QRUPDO DQG SDWKRORJLFDO VWDWHV RI WKH PXVFOH )RU LQVWDQFH XVLQJ 1,56
DEQRUPDOR[\JHQDWLRQGXHWR LQVXIILFLHQWGHOLYHU\KDVEHHQIRXQG LQSDWLHQWVZLWKKHDUW
IDLOXUH>%HODUGLQHOOLHWDO0DQFLQLHWDOD0DWVXLHWDO:LOVRQHWDO@
DQGSHULSKHUDOYDVFXODUGLVHDVH>&KHDWOHHWDO.RPL\DPDHWDO.RRLMPDQHWDO
0F&XOO\HWDOE@1,56ZDVDOVRXVHGWRFKDUDFWHULVHSDWLHQWVZLWKPHWDEROLF
P\RSDWKLHV LQZKLFK DEQRUPDOLWLHV LQ R[\JHQDWLRQ SDWWHUQ DUH UHODWHG WR2 H[WUDFWLRQ
LQVWHDGRI2GHOLYHU\>$EHHWDO%DQNHWDO%DQNHWDO*HOOHULFKHWDO
:DULDUHWDO@7DEOH
7KHDSSOLFDWLRQRI1,56LQPHWDEROLFDQGPLWRFKRQGULDOP\RSDWKLHVZDVSLRQHHUHGLQ
E\%DQN	&KDQFHGXULQJORZVSHHGWUHDGPLOOH[HUFLVH>%DQNHWDO@7KHPDMRU
ILQGLQJRIWKLVVWXG\ZDVDQLPSDLUHGR[\JHQXWLOLVDWLRQLQSDWLHQWVZLWKYDULRXVPHWDEROLF
P\RSDWKLHV,QVWHDGRIGHR[\JHQDWLRQGXULQJH[HUFLVHDVVHHQLQWKHFRQWUROVDQLQFUHDVH
LQ R[\JHQDWLRQ ZDV IRXQG LQ D SDWLHQW ZLWK F\WRFKURPH F R[LGDVH GHILFLHQF\ D
PLWRFKRQGULDOP\RSDWK\&\WRFKURPHFR[LGDVHGHILFLHQF\LVWKRXJKWWROLPLWWKHFDSDFLW\
RI WKH PLWRFKRQGULD WR JHQHUDWH $73 GXH WR D GHIHFW LQ WKH HOHFWURQ WUDQVSRUW FKDLQ
6LPLODUUHVXOWVDVFRPSDUHGZLWKWKHSDWLHQWZLWKPLWRFKRQGULDOP\RSDWK\ZHUHIRXQGLQ
SDWLHQWVZLWKRWKHUGHIHFWVLQWKHHQHUJ\JHQHUDWLQJSDWKZD\V7DEOH$VIRULQVWDQFH
LQ P\RSKRVSKRU\ODVH GHILFLHQF\ RU 0F$UGOH
V GLVHDVH ZKHUH XWLOLVDWLRQ RI PXVFOH
JO\FRJHQ LV EORFNHG DQG LQ SKRVSKRIUXFWRNLQDVH GHILFLHQF\ ZKHUH XWLOLVDWLRQ RI ERWK
JO\FRJHQ DQG JOXFRVH DUH EORFNHG %RWK JURXSV VKRZHG D WUDQVLHQW GHR[\JHQDWLRQ
IROORZHGE\R[\JHQDWLRQ7KHWZRSDWLHQWVZLWKFDUQLWLQHSDOPLWR\OWUDQVIHUDVHGHILFLHQF\
ZKLFK LPSDLUV WKH LQFRUSRUDWLRQ DQG EHWDR[LGDWLRQ RI ORQJFKDLQ IDWW\ DFLGV KDG D
QRUPDO GHR[\JHQDWLRQ LQ UHVSRQVH WR WUHDGPLOO H[HUFLVH>%DQN HW DO @ 6LPLODU GDWD
ZHUHGHVFULEHGLQDQRWKHUSDSHURI%DQN	&KDQFH>%DQNHWDO@ZLWKDGGLWLRQRID
VHFRQGSDWLHQWZLWKF\WRFKURPHFR[LGDVHGHILFLHQF\
7KLV ZRUN ZDV IROORZHG E\ D VWXG\ RI DQRWKHU JURXS PRQLWRULQJ R[\JHQDWLRQ DQG
EORRG YROXPH SDWWHUQV GXULQJ ELF\FOH H[HUFLVH LQ  SDWLHQWV ZLWK PLWRFKRQGULDO
P\RSDWKLHV >$EH HW DO @ 7KUHH SDWLHQWV ZLWK FKURQLF SURJUHVVLYH H[WHUQDO
RSKWKDOPRSOHJLD&3(2DQGRQHSDWLHQWZLWKPLWRFKRQGULDOP\RSDWK\HQFHSKDORSDWK\
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Table 1. Near-infrared spectroscopy in metabolic/mitochondrial myopathies. 
Authors n Patients 
Bank et al. 1994 1 Cytochrome c oxidase deficiency 
 3 Myophosphorylase deficiency (McArdle) 
 3 Phosphofructokinase deficiency 
 2 Carnitine palmitoyl transferase deficiency 
Bank et al. 1995 2 Cytochrome c oxidase deficiency 
 3 Myophosphorylase deficiency (McArdle) 
 3 Phosphofructokinase deficiency 
Abe et al. 1997 3 Chronic progressive external ophthalmoplegia (CPEO) 
 1 Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like 
episodes (MELAS) 
Gellerich et al. 1998 1 Exercise induced myalgia 
 1 Proximal weakness + pseudohypertrophy 
 1 External ophthalmoplegia 
Wariar et al. 2000 1 Coenzyme Q10 deficiency 


ODFWLF DFLGRVLV DQG VWURNHOLNH HSLVRGHV 0(/$6 ZHUH WHVWHG RQ D ELF\FOH HUJRPHWHU
GXULQJPLQXWHV RI F\FOH H[HUFLVH DW :DWW$OWKRXJK FKDQJHV LQR[\JHQDWLRQZHUH
OHVVSURQRXQFHGWKDQWKRVHLQWKHFRQWUROVDOOIRXUSDWLHQWVVKRZHGDGHR[\JHQDWLRQDQG
QRR[\JHQDWLRQLQUHVSRQVHWRF\FOLQJDWORZLQWHQVLW\ZRUN>$EHHWDO@7KLVVWXG\
VKRZHG WKDW WKH SDUDGR[LFDO R[\JHQDWLRQ GXULQJ H[HUFLVH IRXQG LQ PLWRFKRQGULDO DQG
PHWDEROLF P\RSDWKLHV DV GHVFULEHG E\ %DQN 	 &KDQFH >%DQN HW DO @>%DQN HW DO
@LVQRWXQLIRUPO\SUHVHQWLQDOOPLWRFKRQGULDOP\RSDWKLHV
,QRXURZQVWXG\DVGHVFULEHG LQ&KDSWHU>9DQ%HHNYHOWHWDO@ZHIRXQGQR
SDUDGR[LFDO R[\JHQDWLRQ DQG D QRUPDO GHFUHDVH LQ EORRG YROXPH LQ WKUHH RXW RI ILYH
&3(2SDWLHQWVVWXGLHGGXULQJVXVWDLQHGLVRPHWULFKDQGJULSH[HUFLVH+RZHYHUWKHRWKHU
WZRVKRZHGQRUHVSRQVHWRH[HUFLVHDWDOOEXWLWLVRXURSLQLRQWKDWWKLVZDVPRVWOLNHO\
GXH WR WKHFRQIRXQGLQJHIIHFWRIDGLSRVH WLVVXH WKLFNQHVVDV WKHVH WZRVXEMHFWVKDG WKH
KLJKHVW YDOXH IRU DGLSRVH WLVVXH WKLFNQHVV RI WKH JURXS  DQG PP UHVSHFWLYHO\
:LWKWKHLQFUHDVHRIDGLSRVHWLVVXHWKLFNQHVV1,56PHDVXUHPHQWRIR[\JHQDWLRQLV OHVV
GHWHUPLQHGE\PXVFOH WLVVXH DQGPRUH E\ DGLSRVH WLVVXH DQG R[\JHQDWLRQ LV WKHUHIRUH
OHVV LQIOXHQFHGE\H[HUFLVH &KDSWHU6LQFHQRGDWDDERXWDGLSRVHWLVVXH WKLFNQHVVDUH
DYDLODEOHLQWKHDIRUHPHQWLRQHGVWXGLHVLWUHPDLQVXQFOHDUZKHWKHUWKHSDUDGR[LFDOUHVXOWV
IRXQGLQPHWDEROLFDQGPLWRFKRQGULDOP\RSDWKLHVDUHGLIIHUHQFHVEDVHGRQWKHPHWDEROLF
GHIHFWRURQDGLSRVHWLVVXHWKLFNQHVV
CHAPTER 7 
 120 
,QVWHDGRIH[HUFLVHDWRQHH[HUFLVHLQWHQVLW\*HOOHULFKHWDO>*HOOHULFKHWDO@XVHG
DQ LQFUHPHQWDO H[HUFLVH WHVW WR LQYHVWLJDWH WKUHH VXEMHFWVZLWK VXVSHFWHGPXVFOH GLVHDVH
7DEOH  DQG WZHOYH KHDOWK\ QRQDWKOHWHV 3DWLHQWV DQG FRQWUROV SHUIRUPHG DQ
LQWHUPLWWHQWH[HUFLVHSURWRFRORQDELF\FOHHUJRPHWHUZLWKSHULRGVRIPLQRIF\FOLQJ
IROORZHG E\  PLQ RI UHVW 7KH ZRUNORDG ZDV VHW WR  : DQG LQFUHDVHG E\ HDFK
VXEVHTXHQW SHULRG XQWLO WKH PD[LPXP ZRUNORDG ZDV UHDFKHG 7KLV VWXG\ VKRZHG WKDW
R[\JHQDWLRQ LQVWHDG RI GHR[\JHQDWLRQ GXULQJ H[HUFLVH ZDV QRW D W\SLFDO IHDWXUH RI
PHWDEROLFRUPLWRFKRQGULDOP\RSDWKLHVEXWFRXOGDOVREHSUHVHQWLQKHDOWK\VXEMHFWV7KH
ORDG GHSHQGHQW FKDQJHV LQ R[\JHQDWLRQ RI KHDOWK\ VXEMHFWV VKRZHG WKDW DW ZRUNORDGV
EHORZ:DVWHDG\VWDWHOHYHORIWLVVXHR[\JHQDWLRQZDVSUHFHGHGE\DVKRUWSHULRGRI
LQFUHDVHGR[\JHQDWLRQ7KLVUHODWLYHR[\JHQDWLRQWKDWZDVHYLGHQWDWORZZRUNLQWHQVLWLHV
ZDV FDOOHG WKH ZDUPXS HIIHFW DQG ZDV REVHUYHG LQ DOO FRQWUROV EXW RQH :LWK
LQFUHDVLQJZRUNORDG WKHDPRXQWRIR[\JHQDWLRQGHFUHDVHGDQGVKLIWHGWRGHR[\JHQDWLRQ
DWVXIILFLHQWO\KLJKZRUNORDG
&RQFHUQLQJ WKHP\RSDWKLFSDWLHQWV WKDWZHUH LQYHVWLJDWHG LQ WKLV VWXG\ 7DEOH WKH
SDWLHQWZLWKH[HUFLVHLQGXFHGP\DOJLDZDVZLWKLQWKHOLPLWVRIWKHFRQWUROVDQGWKLVZDVLQ
DJUHHPHQW ZLWK KHU PD[LPDO ZRUNORDG DQG WKH PLWRFKRQGULDO IXQFWLRQ DV LQYHVWLJDWHG
ELRFKHPLFDOO\7KHSDWLHQWZLWKSUR[LPDOZHDNQHVVDQGSVHXGRK\SHUWURSK\RIWKHFDOYHV
VKRZHGQRZDUPXSHIIHFW R[\JHQDWLRQDWDOODQGKDGDEQRUPDOGHR[\JHQDWLRQDWORZ
ZRUNORDGV,QWKHSDWLHQWZLWKH[WHUQDORSKWKDOPRSOHJLDKHDULQJORVVPHQWDOLPSDLUPHQW
DQGLQFUHDVHGPXVFOHIDWLJDELOLW\RQH[HUFLVHWKHLQLWLDOR[\JHQDWLRQZDVDEQRUPDOO\KLJK
DQG GLG QRW VKLIW WR GHR[\JHQDWLRQ DW DOO %RWK ODWWHU SDWLHQWV VKRZHG OHVV DFWLYLW\ RI
FRPSOH[,DQGF\WRFKURPHFR[LGDVHDVZHOODVORZHUUHVSLUDWLRQUDWHV
$VPLJKWEHFRQFOXGHGIURPWKHVHVWXGLHVWKHFOLQLFDOIHDWXUHVPHDVXUHGE\1,56DUH
QRWFULVSDQGFOHDU\HWVLQFHWKHDEQRUPDOLWLHVGHVFULEHGDUHQRWXQLIRUPDQGQRWSUHVHQW
LQ DOO LQGLYLGXDO SDWLHQWV 0RUHRYHU WKH QXPEHU RI SDWLHQWV LQYHVWLJDWHG KDV EHHQ
LQYDULDEO\ORZ7KHUHIRUHZHKDYHFKRVHQIRUDTXDQWLWDWLYH1,56DSSURDFKLQVWHDGRID
TXDOLWDWLYHDSSURDFKDQGPHDVXUHGR[\JHQFRQVXPSWLRQDQGEORRGIORZDWUHVWDQGGXULQJ
H[HUFLVH LQ SDWLHQWV ZLWK QHXURPXVFXODU GLVRUGHUV DQG LQ SDUWLFXODU PLWRFKRQGULDO
P\RSDWKLHV
,Q WKLV WKHVLV ZH KDYH LQYHVWLJDWHG D KRPRJHQHRXV JURXS RI FKURQLF SURJUHVVLYH
H[WHUQDO RSKWKDOPRSOHJLD &3(2 D PLWRFKRQGULDO P\RSDWK\ DQG PHDVXUHG R[\JHQ
FRQVXPSWLRQ DQG EORRG IORZ DW UHVW DVZHOO DV GXULQJ ORZ LQWHQVLW\ LVRPHWULF KDQGJULS
H[HUFLVH &KDSWHU&KDSWHUGHVFULEHV WKHPHDVXUHPHQWRIR[\JHQFRQVXPSWLRQDQG
WKH UDWH RI UHR[\JHQDWLRQ LQ D SDWLHQW ZLWK GHUPDWRP\RVLWLV SHUIRUPLQJ UK\WKPLF
LVRPHWULF KDQGJULS H[HUFLVH DW D EURDG UDQJH RI H[HUFLVH LQWHQVLWLHV )XUWKHUPRUH ZH
LQYHVWLJDWHG PXVFOH R[\JHQDWLRQ LQ D ODUJH JURXS RI )ULHGUHLFK DWD[LD SDWLHQWV GXULQJ
DHURELFDQGLVFKHPLFLVRPHWULFFDOIH[HUFLVH&KDSWHU

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MITOCHONDRIAL MYOPATHIES 
0LWRFKRQGULDOP\RSDWKLHVDUHQHXURPXVFXODUGLVRUGHUVFDXVHGE\IXQFWLRQDORUVWUXFWXUDO
DEQRUPDOPLWRFKRQGULD7KHPLWRFKRQGULD DUHFRQVLGHUHGDV WKH·SRZHUSODQWVµRI WKH
FHOO DQG SURYLGH URXJKO\ RI WKH HQHUJ\ WKDW LV QHHGHG IRU WKH IXQFWLRQDOLW\ RI WKH
ERG\0LWRFKRQGULDO$73SURGXFWLRQ RFFXUV E\PHDQV RI R[LGDWLYH SKRVSKRU\ODWLRQ D
FRPSOH[ V\VWHP FRQVLVWLQJ RI PDQ\ SURWHLQV WKDW DUH FOXVWHUHG LQ ILYH PXOWLSURWHLQ
FRPSOH[HV )LJ  :KHQ PLWRFKRQGULDO IXQFWLRQ LV LPSDLUHG DV LQ PLWRFKRQGULDO
P\RSDWKLHV$73SURGXFWLRQZLOOEHLPSDLUHG7KLVEHFRPHVHVSHFLDOO\HYLGHQWLQWLVVXHV
WKDWKDYHDKLJKHQHUJ\WXUQRYHUVXFKDVEUDLQNLGQH\DQGPXVFOHWLVVXH’HIHFWVLQWKH
R[LGDWLYH SKRVSKRU\ODWLRQ V\VWHP UHVXOW WKHUHIRUH LQ GHYDVWDWLQJ PDLQO\ PXOWLV\VWHP
GLVHDVHV>6PHLWLQNHWDO@
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Fig. 1. Strongly simplified scheme of the pathway of oxidative phosphorylation (OXPHOS) 
from blood born substrates to adenosine triphosphate (ATP). The respiratory chain is 
presented by the roman-numbered squares, existing of five complexes. Electrons are 
transported from complex I to complex IV where they are adopted by O2 to form H2O. 
ATP then, is formed from adenosine diphosphate (ADP) by complex V, (ATPsynthase). 
Subsequently, phosphocreatine (PCr) can be resynthesised from creatine (Cr) by the 
adenine nucleotide translocator (ANT) and mitochondrial creatine kinase (CKm). MO; 
mitochondrial outer membrane, MI; mitochondrial inner membrane. 
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Neuromuscular disorders 

Chronic Progressive External Ophthalmoplegia (CPEO): 
CPEO is the most frequent form of adult mitochondrial myopathies. Ptosis and external 
ophthalmoplegia are usually the first clinical signs because mitochondrial volume of the extraocular 
muscles is several times greater than that of other skeletal muscle. Bindoff et al. 1997: in addition to 
ophthalmoplegia, most patients have mild proximal myopathy. Patients might have pigmentary 
retinopathy, ataxia, sensory neural deafness, mild pyramidal or extrapyramidal features. The onset 
might be as late as the fifth or sixth decade. Muscle biopsy shows cytochrome oxidase (COX) 
negative fibres and ragged red fibres (RRF). Mitochondrial DNA (mtDNA) analysis will show a single 
large scale rearrangement in approximately 50% (sporadic cases). In a significant proportion of the 
other patients, point mutations of mtDNA can be defined.  
Dermatomyositis: 
Dermatomyositis is an inflammatory muscle disease with the identifying clinical features of erythema 
of the skin in combination with muscle weakness and pain (Engel et al. 1990). It is a multisystem 
disorder that can occur at any age from infancy to late adult onset. Apart from skin and muscle, 
dermatomyositis is associated with many other organs and systems (e.g. heart and lungs) as well as 
with malignancy (Hill et al. 2001). The cause of dermatomyositis is still unknown, but a strong 
indication for autoimmune mechanisms exists (Dalakas 1998). Dermatomyositis is characterised by 
complement mediated capillary necrosis, resulting in ischemia and hypoperfusion. The pathological 
features consist of a decreased number of capillaries per muscle fibre and necrosis of single muscle 
fibres or clusters of fibres at the periphery of the fasciculi (Engel et al. 1990). Although the mechanism 
is not completely understood, it is thought that the muscle fibre injury could be secondary to ischemia 
caused by the decrease in capillary density. Muscle fibre regeneration and an increased number of 
capillaries were shown after intravenous immune globulin treatment (Dalakas et al. 1993), but 
corticosteroids are still considered to be the first line of therapy. 
Friedreich ataxia: 
Friedreich ataxia (FRDA) is a progressive degeneration of the dorsal root ganglia, spinocerebellar 
tracts, corticospinal tracts and Purkinje cells of the cerebellum. It is characterised by a gradual loss of 
coordination, usually the earliest and most prominent characteristic of the disease. Increasing 
impairment of balance and movement eventually lead to the loss of the ability to walk. It is also 
associated with cardiomyopathy. Friedreich Ataxia is an autosomal recessive neurodegenerative 
disorder characterised by an expanded (GAA)n trinucleotide repeat in intron 1 of the frataxin gene on 
chromosome 9q13 (Campuzano et al. 1996). It is the most common hereditary ataxia occurring with a 
frequency of 1 in 50 000 in the Caucasian population. Frataxin is associated with the inner membrane 
of the mitochondria, and mutations in the frataxin gene are thought to lead to impaired mitochondrial 
function. The actual function of Frataxin remains to be elucidated. 
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$OWKRXJKPLWRFKRQGULDOP\RSDWKLHVDUHSKHQRW\SLFDOO\DQGJHQHWLFDOO\KHWHURJHQHRXV
GLVRUGHUVWKH\VKDUHH[HUFLVHLQWROHUDQFHXQGXHIDWLJXHDQGODFWLFDFLGRVLVGXULQJORZWR
PRGHUDWHLQWHQVLW\ ZRUN >7DLYDVVDOR HW DO @2WKHU FOLQLFDO IHDWXUHV WKDW UHIOHFW WKH
PXOWLV\VWHP QDWXUH RI WKH GLVRUGHU LQFOXGH KHDUW IDLOXUH RU UK\WKP GLVWXUEDQFHV
GHPHQWLDPRYHPHQW GLVRUGHUV VWURNHOLNH HSLVRGHV GHDIQHVV EOLQGQHVV YRPLWLQJ DQG
VHL]XUHVEXW WKHVHDUHQRWXQLIRUPO\SUHVHQWHG$OWKRXJKPLWRFKRQGULDOP\RSDWKLHVDUH
UDUH WKH\PD\PLPLF D ODUJH QXPEHU RIRWKHUGLVRUGHUVEHFDXVHRI WKLVKLJKO\ YDULDEOH
FOLQLFDO H[SUHVVLRQ $V D FRQVHTXHQFH WKH\ DUH IUHTXHQWO\ FRQVLGHUHG LQ GLIIHUHQWLDO
GLDJQRVHV>3RXOWRQ@
7KH GLDJQRVWLF FRQILUPDWLRQ RI PLWRFKRQGULDO P\RSDWKLHV LV GLIILFXOW GXH WR WKH
DVSHFLILF FOLQLFDO V\PSWRPV DQG UHTXLUHV LQYHVWLJDWLRQ RI PXVFOH ELRSV\ VDPSOHV IRU
KLVWRORJ\HQ]\PHVWXGLHVDQGPROHFXODUJHQHWLFV+RZHYHUPXVFOHELRSVLHVDUHLQYDVLYH
DQG H[SHQVLYH DQG D GHILQLWH GLDJQRVWLF FRQILUPDWLRQ LV QRW DOZD\V DFKLHYHG $V IRU
QRQLQYDVLYH PHWKRGV SKRVSKRUXV PDJQHWLF UHVRQDQFH VSHFWURVFRS\ 3056 LV
VRPHWLPHVXVHGLQQHXURPXVFXODUGLVRUGHUVEXWLVH[SHQVLYHDQGLWVDYDLODELOLW\LVOLPLWHG
([HUFLVHWHVWVSURYLGHDYDOXDEOHWRROWRGHWHFWSDWLHQWVZLWKDVXVSHFWHGPLWRFKRQGULDO
P\RSDWKLHV VLQFH WKHVH SDWLHQWV VKDUH WKH FKDUDFWHULVWLFV RI H[HUFLVH LQWROHUDQFH XQGXH
IDWLJXHDQGODFWLFDFLGRVLVGXULQJORZWRPRGHUDWHLQWHQVLW\ZRUN+RZHYHUH[HUFLVHFDQ
EH SRWHQWLDOO\ KD]DUGRXV LQ WKHVH SDWLHQWV GXH WR DVVRFLDWHG FDUGLDF FRQGXFWLRQ
DEQRUPDOLWLHV UHSRUWHG HJ LQ FKURQLF SURJUHVVLYH H[WHUQDO RSKWKDOPRSOHJLD &3(2
>%LQGRII HW DO  3RXOWRQ @ $SDUW IURP WKDW D KLJK SHUFHQWDJH RI SDWLHQWV LV
LQFDSDEOH WR SHUIRUPZKROHERG\ H[HUFLVH EHFDXVH WKH\ DUH VHYHUHO\ DIIHFWHG RU VLPSO\
WRR \RXQJ 7KH GHYHORSPHQW RI D QRQLQYDVLYH ZLGHO\ DYDLODEOH VFUHHQLQJ WHVW WKDW LV
FDSDEOH WR GHWHFW SDWLHQWV ZLWK PLWRFKRQGULDO P\RSDWKLHV LV WKHUHIRUH RI XWPRVW
LPSRUWDQFH$VPHQWLRQHGEHIRUH1,56FRXOGEHDSRWHQWLDOWRROLQWKHGHYHORSPHQWRI
VXFK D WHVW DV LW PRQLWRUV R[\JHQDWLRQ GLUHFWO\ LQ WKH PXVFOH DQG LV QRQLQYDVLYH
LQH[SHQVLYHDQGHDV\DSSOLFDEOH
,QWKLVWKHVLVZHKDYHLQYHVWLJDWHGZKHWKHU1,56LVDEOHWRGLVFULPLQDWHPLWRFKRQGULDO
P\RSDWKLHV IURP QRUPDO PXVFOH E\ PHDVXULQJ PXVFOH 2 FRQVXPSWLRQ DQG IRUHDUP
EORRG IORZ LQ D JURXS RI SDWLHQWV ZLWK FKURQLF SURJUHVVLYH H[WHUQDO RSKWKDOPRSOHJLD
&3(2 DQG FRPSDULQJ WKHPZLWK KHDOWK\ FRQWUROV &KDSWHU 8VLQJ1,56 DQG3
056DVFRPSOHPHQWDU\PHWKRGVZHLQYHVWLJDWHGSDWLHQWVZLWK)ULHGUHLFKDWD[LD)5’$
D GLIIHUHQW IRUP RI D PLWRFKRQGULDO F\WRSDWK\ LQ RUGHU WR PRQLWRU FKDQJHV LQ ERWK
R[LGDWLYHDQGJO\FRO\WLFNLQHWLFVGXULQJH[HUFLVHDQGUHFRYHU\&KDSWHU$QRWKHUFOLQLFDO
DSSOLFDWLRQ RI 1,56 LQ QHXURPXVFXODU PHWDEROLF GLVRUGHUV LV WKH PHDVXUHPHQW RI
YDULDEOHVEDVHGRQ2GHOLYHU\LQVWHDGRI2FRQVXPSWLRQ0LFURYDVFXODUUHR[\JHQDWLRQ
DIWHUH[HUFLVHZDVPHDVXUHGLQGHUPDWRP\RVLWLVDPXVFOHGLVRUGHUWKDWLVFKDUDFWHULVHGE\
FRPSOHPHQW PHGLDWHG FDSLOODU\ QHFURVLV UHVXOWLQJ LQ LVFKHPLD DQG K\SRSHUIXVLRQ
&KDSWHU
 



 

4XDQWLWDWLYH1HDU,QIUDUHG6SHFWURVFRS\’LVFULPLQDWHVEHWZHHQ
0LWRFKRQGULDO0\RSDWKLHVDQG1RUPDO0XVFOH

9DQ%HHNYHOW0&39DQ(QJHOHQ%*0:HYHUV5$&ROLHU:1-0

$QQ1HXURO

 
SUMMARY 
Five patients with chronic progressive external ophthalmoplegia 
(CPEO) and 27 healthy controls were examined by near-infrared 
spectroscopy (NIRS) for the noninvasive and direct quantitative 
measurement of muscle oxygen consumption and forearm blood flow. 
NIRS measurements were obtained at rest and during static isometric 
handgrip exercise at 10% of the maximum voluntary contraction 
(MVC) force. A significantly decreased oxygen consumption at rest as 
well as during exercise was found in patients with CPEO. Our results 
suggest that NIRS is able to discriminate between CPEO patients and 
healthy controls, which makes NIRS a valuable tool in the diagnostic 
workup of patients suspected to have a mitochondrial myopathy. 

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INTRODUCTION 
$OWKRXJK PLWRFKRQGULDO P\RSDWKLHV DUH SKHQRW\SLFDOO\ DQG JHQHWLFDOO\ KHWHURJHQHRXV
GLVRUGHUVWKH\VKDUHH[HUFLVHLQWROHUDQFHXQGXHIDWLJXHDQGODFWLFDFLGRVLVGXULQJORZWR
PRGHUDWHLQWHQVLW\ ZRUN >7DLYDVVDOR HW DO @ $V D UHVXOW RI WKHVH FRPPRQ
FKDUDFWHULVWLFVH[HUFLVH WHVWVDUHXVHGWRHYDOXDWHPHWDEROLFDQGHVSHFLDOO\PLWRFKRQGULDO
P\RSDWKLHV>$UJRYHWDO+DOOHUHWDO@
(YHQDSDUWIURPWKHYHU\\RXQJDQGWKHVHYHUHO\DIIHFWHGSDWLHQWVZKRDUHLQFDSDEOHRI
SHUIRUPLQJ H[HUFLVH H[HUFLVH WHVWV FDQ EH SRWHQWLDOO\ KD]DUGRXV LQ SDWLHQWV ZLWK
PLWRFKRQGULDOP\RSDWKLHVEHFDXVHRIDVVRFLDWHGFDUGLDFLQYROYHPHQW>%LQGRIIHWDO
3RXOWRQ @ 1HYHUWKHOHVV SDWLHQWV ZLWK PLWRFKRQGULDO P\RSDWKLHV KDYH DOPRVW
H[FOXVLYHO\EHHQWHVWHGGXULQJZKROHERG\H[HUFLVH7KHLVRODWHGPXVFOHLQYLYRKDVEHHQ
PRQLWRUHG E\ PDJQHWLF UHVRQDQFH VSHFWURVFRS\ 056 >$UJRY @ EXW QR PXVFOH
VWXGLHVKDYHGLUHFWO\ DQGTXDQWLWDWLYHO\ H[DPLQHGR[\JHQXSWDNH DQGR[\JHQGHOLYHU\ LQ
UHVWLQJDQGH[HUFLVLQJPXVFOHRISDWLHQWVZLWKPLWRFKRQGULDOP\RSDWKLHV
7KH DLP RI WKH SUHVHQW VWXG\ ZDV WKHUHIRUH WR LQYHVWLJDWH ZKHWKHU QHDULQIUDUHG
VSHFWURVFRS\1,56DGLUHFWQRQLQYDVLYHPHWKRGRIWLVVXHR[LPHWU\FRXOGGLVFULPLQDWH
EHWZHHQDJURXSRISDWLHQWVZLWKFKURQLFSURJUHVVLYHH[WHUQDORSKWKDOPRSOHJLD&3(2
DQGKHDOWK\FRQWUROV)XUWKHUPRUHRXUJRDOZDVWRGHYHORSDWHVWWKDWLVIXQFWLRQDOLQWKH
ZLGHUDQJHRISDWLHQWVVXVSHFWHGRIKDYLQJDPLWRFKRQGULDOP\RSDWK\

PATIENTS AND METHODS 
:H VWXGLHG D JURXS RI  SDWLHQWV ZLWK YDU\LQJ FOLQLFDO VHYHULW\ RI VSRUDGLF &3(2
GLDJQRVHGDFFRUGLQJ WRHVWDEOLVKHGFULWHULD 7DEOH>%LQGRII HW DO @&3(2SDWLHQWV
ZHUHFRPSDUHGZLWKKHDOWK\FRQWUROV$VGHVFULEHGSUHYLRXVO\LQGHWDLO>9DQ%HHNYHOW
HWDO@SDWLHQWVDQGFRQWUROVZHUHPHDVXUHGDWUHVWDVZHOODVGXULQJVWDWLFLVRPHWULF
KDQGJULS H[HUFLVH DW D ZRUNORDG HTXDO WR  RI WKH VXEMHFW
V PD[LPXP YROXQWDU\
FRQWUDFWLRQ 09& IRUFH1,56ZDV XVHG IRU WKH TXDQWLWDWLYHPHDVXUHPHQW RI R[\JHQ
FRQVXPSWLRQDQGIRUHDUPEORRGIORZ
1,56LVDQRQLQYDVLYHRSWLFDOPHWKRGIRUFRQWLQXRXVPRQLWRULQJRIR[\JHQDWLRQDQG
KDHPRG\QDPLFV LQ WLVVXH ,W LV EDVHG RQ WKH UHODWLYH WLVVXH WUDQVSDUHQF\ WR OLJKW LQ WKH
QHDULQIUDUHG UHJLRQ DQGRQ WKHR[\JHQGHSHQGHQW DEVRUSWLRQFKDQJHVRIKDHPRJORELQ
DQGP\RJORELQ8VLQJ DPRGLILHG/DPEHUW%HHU ODZ LQZKLFK D SK\VLFDOSDWKOHQJWK LV
LQFRUSRUDWHG WR DFFRXQW IRU OLJKW VFDWWHULQJ LW LV QRZ SRVVLEOH WR FDOFXODWH TXDQWLWDWLYH
YDOXHVIRUR[\JHQFRQVXPSWLRQDQGEORRGIORZLQVNHOHWDOPXVFOH>)HUUDULHWDO@
1,56 PHDVXUHPHQWV ZHUH REWDLQHG ZLWK D FRQWLQXRXV ZDYH QHDULQIUDUHG
VSHFWURSKRWRPHWHU 2[\PRQ %LRPHGLFDO (QJLQHHULQJ ’HSDUWPHQW 8QLYHUVLW\ RI
1LMPHJHQ1/8VLQJ WKLV VSHFWURSKRWRPHWHU WKDW JHQHUDWHV OLJKW DW  DQG
QP>9DQGHU6OXLMV HW DO @ LW LVSRVVLEOH WRGLIIHUHQWLDWHEHWZHHQR[\KDHPRJORELQ
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Table. Clinical characteristics of patients with sporadic chronic progressive external ophthalmoplegia 
         
No Sex/age 
(yr) 
MVC 
(N) 
Disease 
duration 
(yr) 
Fatiguea Prox. Muscle 
Strength 
(MRC) 
Modified 
Rankin 
scaleb 
Muscle 
Biopsy 
RRFc 
Serum 
lactated 
(µmol/L) 
         
1 M/54 132 28 - 4/5 2 + 1520 
2 M/19 262 3 + 5/5 2 ++ 1586 
3 F/36 168 4 - 5/5 2 ++ 1288 
4 F/42 153 22 +++ 3/5 3 ++ 844 
5 F/54 100 27 ++ 3/5 3 + 2660 
a
 : - = not present; + = mild; ++ = moderate; +++ = severe 
b
 : Modified Rankin scale described by Swieten et al. [van Swieten et al. 1988] 
c
 : RRF = ragged red fibres; + = present; ++ = abundant 
d
 : Normal values: < 1700 µmol/L 
M = male; F = female; MVC = maximal voluntary contraction force; MRC = medical research council 


P\RJORELQ2+E20EDQGGHR[\KDHPRJORELQP\RJORELQ++E+0E7KHVXPRI
2+E DQG ++E UHIOHFWV WKH WRWDO DPRXQW RI KDHPRJORELQP\RJORELQ W+EW0E
4XDQWLWDWLYH1,56YDOXHVIRUR[\JHQFRQVXPSWLRQZHUHFDOFXODWHGE\HYDOXDWLQJWKHUDWH
RI GHFUHDVH LQ >2+E@ GXULQJ DUWHULDO RFFOXVLRQ )LJ$ )RUHDUP EORRG IORZ ZDV
FDOFXODWHG IURP 1,56 GDWD E\ HYDOXDWLQJ WKH UDWH RI LQFUHDVH LQ >W+E@ GXULQJ YHQRXV
RFFOXVLRQ>9DQ%HHNYHOWHWDO@ )LJ%7KHRSWLFDO ILEUHVZHUHSODFHGRQ WRSRI
WKH IOH[RU GLJLWRUXP VXSHUILFLDOLV PXVFOH ZLWK DQ LQWHURSWRGH GLVWDQFH RI PP 7KH
VDPSOH WLPHZDV  V DQG DOO GDWDZHUH GLVSOD\HG LQ UHDO WLPH DQG VWRUHG RQ GLVN IRU
DQDO\VLV
7KH &3(2 SDWLHQWV ZHUH FRPSDUHG ZLWK KHDOWK\ FRQWUROV XVLQJ 6WXGHQW
V WWHVW $
SDLUHG WWHVWZDVXVHG IRUGLIIHUHQFHVEHWZHHQ UHVW DQGH[HUFLVHZLWKLQHDFKJURXS$3
YDOXHOHVVWKDQZDVFRQVLGHUHGWREHVWDWLVWLFDOO\VLJQLILFDQW$OOUHVXOWVDUHUHSRUWHGDV
PHDQ±6(

RESULTS 
7KH PD[LPXP YROXQWDU\ FRQWUDFWLRQ IRUFH 09& ZDV ± 1HZWRQ 1 IRU WKH
&3(2 JURXS DQG  ± 1 IRU WKH FRQWURO JURXS:H IRXQG D VLJQLILFDQWO\ ORZHU
R[\JHQFRQVXPSWLRQDWUHVW 3  LQFRPELQDWLRQZLWKDVLJQLILFDQWO\KLJKHUEORRG
IORZ3  LQWKH&3(2JURXSUHVSHFWLYHO\PO2⋅PLQ⋅JDQG
   PO⋅PLQ⋅PO DV FRPSDUHG ZLWK WKH FRQWURO JURXS   
PO2⋅PLQ⋅J DQG    PO⋅PLQ⋅PO UHVSHFWLYHO\ )LJ $ 7KLV
GLIIHUHQFH EHWZHHQ &3(2 DQG FRQWUROV FRQFHUQLQJ WKH ORZ R[\JHQ FRQVXPSWLRQ LQ
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Fig. 1. Representative raw NIRS data as displayed real time on screen. Oxyhemoglobin 
(O2Hb), deoxyhaemoglobin (HHb), and the sum of O2Hb and HHb, reflecting total 
haemoglobin (tHb), are shown during A) arterial occlusion (240 mmHg) and  B) venous 
occlusion (50 mmHg). Oxygen consumption is calculated during arterial occlusion as the 
rate of decrease in O2Hb indicated by the straight line in Fig. A. Forearm blood flow is 
calculated during venous occlusion as the rate of increase in tHb indicated by the straight 
line in Fig. B. 

FRPELQDWLRQ ZLWK KLJK EORRG IORZ ZDV HYHQ PRUH SURQRXQFHG GXULQJ ORZLQWHQVLW\
H[HUFLVH DW  09& )LJ % ’XULQJ H[HUFLVH R[\JHQ FRQVXPSWLRQ ZDV 
PO2⋅PLQ⋅J   LQ WKH &3(2 JURXS DV FRPSDUHG ZLWK  PO2⋅PLQ⋅
JLQWKHFRQWUROJURXS3 )RUHDUPEORRGIORZLQWKH&3(2JURXS
ZDVPO⋅PLQ⋅PODVFRPSDUHGZLWKPO⋅PLQ⋅PO
LQWKHFRQWUROJURXS3 
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Fig. 2. Near infrared spectroscopy values for muscle oxygen consumption ( 2OVm  ) and 
forearm blood flow (FBF) in patients with chronic progressive external ophthalmoplegia 
(CPEO) and healthy control subjects A) at rest and B) during static isometric handgrip 
exercise at 10% of the subject’s maximum voluntary contraction force (MVC). Individual 
values of 2OVm   and FBF are shown for the patients with CPEO. Mean ± SD in both 
directions are shown for the control group. 

DISCUSSION 
0LWRFKRQGULDOP\RSDWKLHVDUHKLJKO\YDULDEOHLQFOLQLFDOH[SUHVVLRQDQGPD\PLPLFDODUJH
QXPEHU RI RWKHU GLVRUGHUV $V D FRQVHTXHQFH WKH\ DUH IUHTXHQWO\ FRQVLGHUHG LQ
GLIIHUHQWLDO GLDJQRVHV EXW DUH UDUHO\ FRQILUPHG >3RXOWRQ @ 7KH GLDJQRVWLF
FRQILUPDWLRQ RI PLWRFKRQGULDO P\RSDWKLHV UHTXLUHV GHILQLWH LQYHVWLJDWLRQV E\ HQ]\PH
VWXGLHV LQ PXVFOH ELRSV\ VDPSOHV PXVFOH KLVWRORJ\ SKRVSKRUXV PDJQHWLF UHVRQDQFH
VSHFWURVFRS\ 3056 DQG PROHFXODU JHQHWLF WHFKQLTXHV 0ROHFXODU JHQHWLFV LGHQWLI\
RQO\NQRZQGHIHFWVVHQVLWLYLW\RIPXVFOHKLVWRORJ\LVOLPLWHGDQGURXWLQHXVHRI3056
LVUHVWULFWHGE\LWVOLPLWHGDYDLODELOLW\>$UJRYHWDO@
([HUFLVHWHVWVSURYLGHDYDOXDEOHWRROWRGHWHFWSDWLHQWVZLWKDVXVSHFWHGPLWRFKRQGULDO
P\RSDWK\DVWKHVHSDWLHQWVVKDUHWKHFKDUDFWHULVWLFVRIH[HUFLVHLQWROHUDQFHXQGXHIDWLJXH
DQG ODFWLF DFLGRVLV GXULQJ ORZ WR PRGHUDWHLQWHQVLW\ ZRUN +RZHYHU H[HUFLVH FDQ EH
SRWHQWLDOO\ KD]DUGRXV LQ WKHVH SDWLHQWV DV D UHVXOW RI DVVRFLDWHG FDUGLDF FRQGXFWLRQ
DEQRUPDOLWLHVUHSRUWHGIRUH[DPSOHLQ&3(2>%LQGRIIHWDO3RXOWRQ@$SDUW
IURP WKDW WKHUH DUH SDWLHQWV ZKR DUH LQFDSDEOH WR SHUIRUP H[HUFLVH EHFDXVH WKH\ DUH
VHYHUHO\ DIIHFWHG RU VLPSO\ WRR \RXQJ 7KLV LV ZK\ WKH GHYHORSPHQW RI D QRQLQYDVLYH
ZLGHO\ DYDLODEOH VFUHHQLQJ WHVW WKDW LV IXQFWLRQDO LQ WKH UDQJH RI SDWLHQWV VXVSHFWHG RI
KDYLQJPLWRFKRQGULDOP\RSDWKLHVLVRIXWPRVWLPSRUWDQFH
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,QWKHSUHVHQWVWXG\1,56ZDVXVHGIRUWKHQRQLQYDVLYHGLUHFWH[DPLQDWLRQRIPXVFOH
R[\JHQ FRQVXPSWLRQ DQG IRUHDUP EORRG IORZ LQ SDWLHQWV ZLWK &3(2 6WDWLF LVRPHWULF
KDQGJULS H[HUFLVHZDV FKRVHQ WR LQFOXGH DOO SDWLHQWV LQGHSHQGHQW RI GLVHDVH VWDWXV:H
IRXQGDGHFUHDVHGR[\JHQFRQVXPSWLRQLQWKH&3(2JURXSFRPSDUHGZLWKFRQWUROVLQ
FRPELQDWLRQZLWKDQLQFUHDVHGIRUHDUPEORRGIORZSUHVHQWLQERWKORZLQWHQVLW\H[HUFLVH
DQGDWUHVW2XU1,56GDWDRQR[\JHQFRQVXPSWLRQGXULQJH[HUFLVHDUHFRPSDWLEOHZLWK
WKRVHRISUHYLRXVUHSRUWV>$EHHWDO%DQNHWDO@DQGVXSSRUWWKHK\SRWKHVLVRI
DK\SHUNLQHWLFFLUFXODWRU\UHVSRQVHWRH[HUFLVHLQPLWRFKRQGULDOP\RSDWKLHV>+DOOHU@
)XUWKHUPRUHRXUGDWDVKRZWKDWWKLVXSUHJXODWHGIORZFRPSDUHGZLWKWKDWLQFRQWUROVLV
DOVRSUHVHQWDWUHVWVHH)LJ7KLVPLVPDWFKEHWZHHQ2GHOLYHU\DQGFRQVXPSWLRQPLJKW
IXQFWLRQDVDFRPSHQVDWRU\PHFKDQLVPIRUWKHLPSDLUHGR[\JHQFRQVXPSWLRQLQ&3(2
PXVFOH
7KHSUHVHQWGDWDRQGHFUHDVHGR[\JHQFRQVXPSWLRQ LQ&3(2DVPHDVXUHGE\1,56
GXULQJ ORZLQWHQVLW\ ZRUN DV ZHOO DV DW UHVW VXJJHVW WKDW 1,56 FDQ VHUYH DV D KLJKO\
YDOXDEOH DQG SURPLVLQJ WRRO LQ WKH GLDJQRVWLF ZRUNXS RI SDWLHQWV ZLWK PLWRFKRQGULDO
P\RSDWKLHVRI YDU\LQJ VHYHULW\%HFDXVH1,56 LV DEOH WRPHDVXUHZLWKLQ WKHPXVFOH LW
SURYLGHVXQLTXH LQIRUPDWLRQ DERXW ORFDO WLVVXHR[\JHQDWLRQ DQGPLJKW UHYHDOQHZ IDFWV
DERXWWKHSURFHVVRIPLWRFKRQGULDOP\RSDWKLHV

POSTSCRIPTUM:  
NEAR-INFRARED SPECTROSCOPY IN CPEO: ADIPOSE TISSUE 
THICKNESS CONFOUNDS DECREASED MUSCLE OXYGEN CONSUMPTION 

3XEOLVKHGDV/HWWHU E\9DQ%HHNYHOW0&39DQ(QJHOHQ%*0:HYHUV5$ DQG&ROLHU
:1-0LQ$QQ1HXURO

1HDULQIUDUHG VSHFWURVFRS\ 1,56 LV D QRQLQYDVLYH RSWLFDO PHWKRG IRU FRQWLQXRXV
PRQLWRULQJ RI R[\JHQ FRQVXPSWLRQ DQG KDHPRG\QDPLFV LQ WLVVXH HJ PXVFOH WLVVXH
%DQNDQG&KDQFH>%DQNHWDO@ZHUH WKH ILUVW WRXVH1,56IRU WKH LQYHVWLJDWLRQRI
PHWDEROLF P\RSDWKLHV 7KH\ IRXQG VSHFLILF DEQRUPDOLWLHV LQ D YDULHW\ RI PHWDEROLF
P\RSDWKLHV LQGLFDWLQJDEQRUPDOR[\JHQXWLOLVDWLRQ6HYHUDORWKHU LQYHVWLJDWRUVIROORZHG
LQFOXGLQJ RXU JURXS >9DQ %HHNYHOW HW DO @ DQG UHSRUWHG VLPLODU DEQRUPDOLWLHV LQ
PLWRFKRQGULDOP\RSDWKLHVDVFRPSDUHGZLWKQRUPDOPXVFOH
+RZHYHU1,56LVVWLOODUHODWLYHO\QHZWHFKQLTXHDQGPHWKRGRORJLFDOFRQVWUDLQWVKDYH
QRW\HWEHHQIXOO\H[SORLWHG:HKDYHLQYHVWLJDWHGVHYHUDOPHWKRGRORJLFDODVSHFWVRILQYLYR
1,56 PHDVXUHPHQWV DQG RQH RI WKHVH FRQFHUQHG WKH LQIOXHQFH RI DGLSRVH WLVVXH
WKLFNQHVV $77RQLQ YLYR1,56PHDVXUHPHQWV)URPWKLV VWXG\ LWEHFDPHFOHDU WKDWLQ
YLYR 1,56 PHDVXUHPHQW RI TXDQWLWDWLYH PXVFOH R[\JHQ FRQVXPSWLRQ 

29P   ZDV
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FRQIRXQGHGE\WKHWKLFNQHVVRIWKHVXEFXWDQHRXVIDWOD\HUVHSDUDWLQJWKHOLJKWILEUHVIURP
PXVFOH WLVVXH>9DQ%HHNYHOWHWDOD@5HVWLQJ

29P   LQ WKH OHDQHVWVXEMHFWVZDV
WZLFHDVKLJKDV

29P  LQWKHVXEMHFWVZLWKWKHKLJKHVW$77U 3≤
,Q WKH OLJKW RI WKHVH QHZ GDWD ZH UHLQYHVWLJDWHG RXU SUHYLRXV SXEOLVKHG GDWD RQ
SDWLHQWVZLWKFKURQLFSURJUHVVLYHH[WHUQDORSKWKDOPRSOHJLD&3(2E\LQFRUSRUDWLRQRI
VNLQIROGWKLFNQHVVPHDVXUHGEHWZHHQWKH1,56RSWRGHVXVLQJDVNLQIROGFDOLSHULQRUGHU
WRFRPSDUH&3(2SDWLHQWVZLWKWKHODUJHVXEMHFWSRROWKDWZHKDYHGHVFULEHGSUHYLRXVO\
>9DQ%HHNYHOWHWDOD@
7KHUHVXOWVRIWKLVDGGLWLRQDODQDO\VLVOHGWRWKHFRQFOXVLRQWKDWWKHPDMRUSDUWRIWKH
GLIIHUHQFH IRXQG EHWZHHQ&3(2SDWLHQWV DQG WKHLU FRQWUROV>9DQ%HHNYHOW HW DO @
FDQEHH[SODLQHGE\WKHFRQIRXQGLQJHIIHFWRI$77$VFDQEHVHHQLQWKH)LJXUHIRXU
RXWRIILYH&3(2SDWLHQWVKDGDKLJK$77ZKLOHWKHPDMRULW\RIWKHFRQWUROVKDG
DQ $77 OHVV WKDQ  PP $OWKRXJK

29P   LQ WKH SDWLHQWV ZDV ORZ LW ZDV QRW ORZ
HQRXJKWRGLVFULPLQDWHWKHLQGLYLGXDOSDWLHQWVIURPWKHFRQWUROVVLQFHWKHLUYDOXHVZHUH
VWLOOZLWKLQWKHFRQILGHQFHLQWHUYDO
7KHSUHVHQWUHVXOWVREWDLQHGE\FRPELQLQJRXUSUHYLRXVO\UHSRUWHG&3(2VWXG\>9DQ
%HHNYHOWHWDO@ZLWKRXUUHFHQWO\SXEOLVKHGGDWDRQ$77>9DQ%HHNYHOWHWDOD@
XQGHUVFRUH WKH KLJK VLJQLILFDQFH RI LQFRUSRUDWLQJ $77 LQWR DOO IXWXUH 1,56 VWXGLHV
3URYLGLQJ LQIRUPDWLRQ DERXW$77 LV DEVROXWHO\QHFHVVDU\ LQ FRPSDULVRQVRI JURXSVRU
GDWD IURP OLWHUDWXUH0RUHRYHU EHFDXVHPHDVXUHPHQW RI VNLQIROG WKLFNQHVV LV HDV\ DQG
IDVWLWVKRXOGEHFRPHDVWDQGDUGURXWLQHLQHYHU\LQYLYR1,56PHDVXUHPHQW

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
Fig. Correlation between log(ATT) and NIRS muscle oxygen consumption ( 2OVm  ) at 
rest, measured in 78 healthy controls and 5 CPEO patients. The straight lines represent 
regression line and 95% confidential interval. 

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0XVFOHWLVVXHR[\JHQDWLRQDVDIXQFWLRQDOWRRO
LQWKHIROORZXSRIGHUPDWRP\RVLWLV

9DQ%HHNYHOW0&3&ROLHU:1-0:HYHUV5$9DQ(QJHOHQ%*0

-1HXURO1HXURVXUJ3V\FKLDWU\LQSUHVV

 
SUMMARY 
Near-infrared spectroscopy (NIRS) is a direct, noninvasive optical 
method for the measurement of local oxygenation and 
haemodynamics in muscle tissue. Although it has recently been used 
for diagnosis of metabolic myopathies, it has until now never been 
used in inflammatory myopathies. Because dermatomyositis is a 
muscle disorder characterised by complement mediated capillary 
necrosis, resulting in ischemia and hypoperfusion, we have used 
NIRS to study the effect of corticosteroid treatment in 
dermatomyositis. Clinical improvement correlated with NIRS, showing 
an increase in local muscle oxygen consumption and reoxygenation 
rate, indicating normalisation of microvascular function. This study 
shows that NIRS is able to detect therapy effect; direct, noninvasively, 
and with relative ease. 

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7KHSDWKRORJLFDOIHDWXUHVRIGHUPDWRP\RVLWLVDUHFKDUDFWHULVHGE\DGHFUHDVHGQXPEHURI
FDSLOODULHVSHUPXVFOHILEUHDQGQHFURVLVRIVLQJOHPXVFOHILEUHVRUFOXVWHUVRIILEUHVDWWKH
SHULSKHU\RIWKHIDVFLFXOL>(QJHOHWDO@$OWKRXJKWKHPHFKDQLVPLVQRWFRPSOHWHO\
XQGHUVWRRG LW LV WKRXJKW WKDW WKH PXVFOH ILEUH LQMXU\ FRXOG EH VHFRQGDU\ WR LVFKHPLD
FDXVHGE\WKHGHFUHDVHLQFDSLOODU\GHQVLW\
0XVFOH ILEUH UHJHQHUDWLRQ DQG DQ LQFUHDVHG QXPEHU RI FDSLOODULHV ZHUH VKRZQ DIWHU
LQWUDYHQRXVLPPXQHJOREXOLQWUHDWPHQW>’DODNDVHWDO@EXWFRUWLFRVWHURLGVDUHVWLOO
FRQVLGHUHGWREHWKHILUVWOLQHRIWKHUDS\,QFOLQLFDOVHWWLQJWKHHIIHFWRIWKHUDS\LVPDLQO\
GHWHUPLQHGE\PXVFOH VWUHQJWK DQG FUHDWLQHNLQDVH &. OHYHOV’LUHFWPHDVXUHPHQWRI
FDSLOODU\ DQGPXVFOH ILEUH VWDWXV FDQRQO\EH DFTXLUHGE\ UHSHDWHGPXVFOHELRSVLHV EXW
DSDUWIURPWKHIDFWWKDWPXVFOHELRSVLHVDUHLQYDVLYHWKH\UHIOHFWDVWDWLFUHSUHVHQWDWLRQRI
PXVFOHWLVVXHDWDIL[HGWLPHSRLQWDQGDFHUWDLQORFDOLVDWLRQVHOHFWLRQELDV
7KLV LV WKH ILUVW WLPH WKDW QHDULQIUDUHG VSHFWURVFRS\ 1,56 D QRQLQYDVLYH RSWLFDO
PHWKRGIRU WKHPHDVXUHPHQWRIR[\JHQDWLRQDQGKDHPRG\QDPLFV LQPXVFOH WLVVXHZDV
XVHGWRVWXG\WKHHIIHFWRIWKHUDS\LQDSDWLHQWIXOILOOLQJWKHFOLQLFDODQGKLVWRORJLFDOFULWHULD
IRUGHILQLWHGHUPDWRP\RVLWLV>’DODNDV@$\RXQJZRPDQIURP$UXEDDJHG\HDUV
SUHVHQWHGZLWKVXEDFXWHHU\WKHPDRIWKHIDFLDOVNLQDQGVHYHUHSUR[LPDOPXVFOHZHDNQHVV
DUP PXVFOHV 0HDQ 0HGLFDO 5HVHDUFK &RXQFLO 05& JUDGH  OHJ PXVFOHV 05& 
6HUXP&.OHYHOVZHUHVOLJKWO\LQFUHDVHG8/ZHHNVDIWHUWKHVWDUWRIV\PSWRPV
WUHDWPHQWZLWKFRUWLFRVWHURLGVZDVVWDUWHGDWRXUGHSDUWPHQWDWDGRVHRIPJGD\IRU
ZHHNV6XEVHTXHQWO\ WKHGRVHZDV WDSHUHG&. OHYHOVGHFUHDVHGDQGPXVFOHVWUHQJWK
LQFUHDVHGDUPPXVFOHV05&OHJPXVFOHV05&LQZHHN
7LVVXHR[\JHQDWLRQZDVPHDVXUHGE\1,56MXVWSULRUWRPHGLFDWLRQDQGDJDLQDIWHU
DQGZHHNVRIWUHDWPHQW/RFDOLVDWLRQRIWKHOLJKWILEUHVRQWRSRIWKHIOH[RUGLJLWRUXP
VXSHUILFLDOLV PXVFOH ZDV WKH VDPH IRU DOO PHDVXUHPHQWV 1,56 PXVFOH R[\JHQ
FRQVXPSWLRQ 

29P   ZDV FDOFXODWHG GXULQJ DUWHULDO RFFOXVLRQ DV SUHYLRXVO\ GHVFULEHG
>9DQ%HHNYHOWHWDOE@5HR[\JHQDWLRQUDWH ∆2+EZDVGHWHUPLQHGDV WKHUDWHRI
LQLWLDO LQFUHDVH LQ2+EPHDVXUHGRYHUVHFRQGV LPPHGLDWHO\DIWHUFHVVDWLRQRIDUWHULDO
RFFOXVLRQ %RWK

29P  DQG ∆2+E ZHUH FDOFXODWHG DW UHVW DQG IROORZLQJ UK\WKPLF
LVRPHWULF KDQGJULS H[HUFLVH DW YDULRXV ZRUN LQWHQVLWLHV )LJ  (DFK H[HUFLVH VHVVLRQ
FRQVLVWHGRIPLQH[HUFLVHDWDFRQWUDFWLRQUDWHRI⋅PLQGXW\F\FOHLPPHGLDWHO\
IROORZHG E\  V RI DUWHULDO RFFOXVLRQ IRU FDOFXODWLRQ RI

29P  DQG∆2+E:KHUHDV

29P  LVDPHDVXUHIRUPLWRFKRQGULDOIXQFWLRQDWDFHUWDLQZRUNORDGDQGLVGHSHQGHQWRQ
WKHYDVFXODUFDSDFLW\RIR[\JHQGHOLYHU\∆2+EUHIOHFWVWKHLQLWLDOUHFRYHU\UDWHDWZKLFK
GHR[\JHQDWHG KDHPRJORELQP\RJORELQ DUH UHVDWXUDWHG >&KDQFH HW DO @ DQG LV
WKHUHIRUHGLUHFWO\UHODWHGWRPLFURYDVFXODUIXQFWLRQ$OOPHDVXUHPHQWVZHUHSHUIRUPHGDW
WKHVDPHDEVROXWHZRUNLQWHQVLWLHV

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Fig. 1 NIRS oxyhaemoglobin (O2Hb) and deoxyhaemoglobin (HHb) signal during exercise 
and occlusion. Muscle oxygen consumption ( 2OVm  ) is calculated from the initial rate of 
linear increase in HHb during arterial occlusion. Reoxygenation rate (∆O2Hb) is 
determined as the rate of increase in O2Hb over the initial 3 s after cessation of arterial 
occlusion. 

)LJ  VKRZV WKH HIIHFW RI WKHUDS\PHDVXUHGQRQLQYDVLYHO\ DQGZLWK UHODWLYH HDVH E\
1,56GXULQJFRUWLFRVWHURLGWUHDWPHQWLQWKHSDWLHQWZLWKVHYHUHGHUPDWRP\RVLWLV3ULRUWR
PHGLFDWLRQ UHVWLQJ

29P  LQ WKH SDWLHQW ZDV VOLJKWO\ KLJKHU DV FRPSDUHGZLWK KHDOWK\
FRQWUROVYVPO2⋅PLQ⋅JUHVSHFWLYHO\+RZHYHU 29P  GXULQJH[HUFLVH
ZDV URXJKO\  ORZHU WKDQ WKDW RI WKH FRQWUROV RYHU WKH ZKROH UDQJH RI H[HUFLVH
LQWHQVLWLHV )LJ $$IWHU ZHHNV RI WKHUDS\

29P  KDG DOUHDG\PDUNHGO\ LQFUHDVHG
$IWHU  ZHHNV RI WKHUDS\

29P  KDG LQFUHDVHG HYHQ IXUWKHU DQG ZDV QRZ RQO\ 
ORZHU WKDQ WKDWRI WKHFRQWUROVDQGZLWKLQ WKHQRUPDO UDQJHDW VHYHUDOZRUN LQWHQVLWLHV
6HUXP&.OHYHOVZHUHQRUPDOLVHGZKLOHPXVFOHVWUHQJWKKDGLQFUHDVHG∆2+E)LJ%
VKRZHGVLPLODUUHVXOWVZLWKVORZUHFRYHU\UDWHVSULRUWRPHGLFDWLRQDQGDQLQFUHDVHRYHU
DOOZRUNORDGVDIWHUERWKDQGZHHNVRIPHGLFDWLRQ∆2+EDIWHUZNVRIPHGLFDWLRQ
HYHQH[FHHGHGQRUPDOYDOXHV
6LQFH1,56PHDVXUHVORFDOR[\JHQDWLRQDQGKDHPRG\QDPLFVZLWKLQPXVFOHLWFDQJLYH
GLUHFW LQVLJKW LQ WKH ZRUNLQJ PLFURYDVFXODU V\VWHP∆2+E LQFUHDVHG GXULQJ WKHUDS\
LQGLFDWLQJDQLQFUHDVHLQFDSLOODU\IXQFWLRQ$VDUHVXOWRIWKHLQFUHDVHGFDSLOODU\IXQFWLRQ
DQG D SRVVLEOH UHJHQHUDWLRQ RI PXVFOH ILEUHV PXVFXODU R[\JHQ DYDLODELOLW\ LQFUHDVHG
HQKDQFLQJ R[LGDWLYH FDSDFLW\ DV UHIOHFWHG E\ WKH LQFUHDVH LQ ORFDO PXVFOH R[\JHQ
FRQVXPSWLRQ
$OWKRXJK D PXVFOH ELRSV\ ZLOO UHPDLQ LQGLVSHQVDEOH IRU WKH GLDJQRVLV RI
GHUPDWRP\RVLWLV 1,56 LV DQ LQWHUHVWLQJ DQG QRQLQYDVLYH WRRO LQ PRQLWRULQJ WKHUDS\
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HIIHFW:KLOHERWKVHUXP&.OHYHOVDQGPXVFOHVWUHQJWKDUHLQGLUHFWPHDVXUHVDQGPXVFOH
ELRSV\ VDPSOHV UHIOHFW D VWDWLF ILQJHUSULQW RI WKHPXVFOH 1,56 GLUHFWO\ PHDVXUHV ORFDO
PLFURYDVFXODUDQGPLWRFKRQGULDOIXQFWLRQLQWKHLQWDFWDQGZRUNLQJSK\VLRORJLFDOVHWWLQJ
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Fig. 2 Effect of therapy in a patient with severe dermatomyositis on A) muscle oxygen 
consumption ( 2OVm  ) and B) reoxygenation rate (∆O2Hb) measured noninvasively by 
NIRS at rest and following exercise at various levels of the maximum voluntary 
contraction force (MVC). Mean ± SD values are shown for the controls 
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THESIS OBJECTIVES 
7KH DLP RI WKLV WKHVLV ZDV WZRIROG 7KH ILUVW REMHFWLYHZDV WR LQYHVWLJDWHPHWKRGRORJLFDO
DVSHFWV QHFHVVDU\ IRU WKH OHJLWLPDWH XVH RI 1,56 LQ WKH LQYHVWLJDWLRQ RI QRUPDO DQG
SDWKRORJLFDOVWDWHVRILQYLYRPXVFOHPHWDEROLVP7KLVJRDOZDVSXUVXHGLQWKHH[SHULPHQWV
GHVFULEHG LQ &KDSWHUV    7KH ILUVW VWHS WKDW ZH WRRN ZDV DQ DWWHPSW WR YDOLGDWH
TXDQWLWDWLYH1,56PHDVXUHPHQWVIRUPXVFOHR[\JHQFRQVXPSWLRQ

29P  DQGIRUHDUP
EORRGIORZ)%)E\FRPSDULVRQZLWKWKHZHOOHVWDEOLVKHG)LFNPHWKRGFRPELQLQJEORRG
JDV DQDO\VLV WLVVXH R[LPHWU\ DQG VWUDLQJDXJH SOHWK\VPRJUDSK\ &KDSWHU  +RZHYHU
GLUHFW FRPSDULVRQ SURYHG LPSRVVLEOH VLQFH ERWK PHWKRGV KDYH GLIIHUHQW PHDVXUHPHQW
VLWHV :KHUHDV )LFN PHDVXUHV UHJLRQDO FKDQJHV LQ WKH WRWDO OLPE 1,56 PHDVXUHV ORFDO
FKDQJHVGLUHFWO\LQWKHPXVFOH&RQVHTXHQWO\1,56FDQGHWHFWORFDOGLIIHUHQFHVEDVHGRQ
PXVFOHDFWLYLW\WKDWDUHQRWGHWHFWDEOHE\WKH)LFNPHWKRG
6XEVHTXHQWO\ ZH LQYHVWLJDWHG WKH UHSURGXFLELOLW\ RI1,56

29P   DW UHVW DV ZHOO DV
GXULQJH[HUFLVHDQGSURYHGWKDW

29P  ZDVUHSURGXFLEOHRYHUVHYHUDOGD\VERWKDWUHVWDV
ZHOODVGXULQJH[HUFLVH&KDSWHU7KHUHSURGXFLELOLW\RI1,56

29P  DQG)%)ZLWKLQ
RQHWHVWVHVVLRQSURYHGUHOLDEOHDVZHOO&KDSWHUDQG
$QRWKHU LPSRUWDQW PHWKRGRORJLFDO DVSHFW VWXGLHG ZDV EDVHG RQ WKH RSWLFDO
FKDUDFWHULVWLFV RI WKH 1,56 WHFKQLTXH 3URSDJDWLRQ RI WKH OLJKW ZLWKLQ WKH WLVVXH LV
FRPSOH[DV LW WUDYHOV WKURXJKPXOWLSOH OD\HUVRI WKH LQKRPRJHQHRXVPHGLXP,QGLYLGXDO
GLIIHUHQFHV LQRSWLFDOSURSHUWLHV DUH WKHUHIRUH OLNHO\ WRDIIHFW1,56PHDVXUHPHQWV:H
WKXV VWXGLHG WKH LQIOXHQFH RI DGLSRVH WLVVXH WKLFNQHVV $77 RQ LQ YLYR 1,56
PHDVXUHPHQWVLQDODUJHJURXSRIKHDOWK\VXEMHFWVDQGIRXQGWKDW$77KDVDVXEVWDQWLDO
FRQIRXQGLQJ HIIHFW RQ TXDQWLWDWLYH LQ YLYR 1,56 PHDVXUHPHQWV &KDSWHU  7KHVH
ILQGLQJVXQGHUVFRUHWKHKLJKVLJQLILFDQFHRILQFRUSRUDWLQJ$77LQDOOIXWXUH1,56VWXGLHV
)XUWKHUPRUHZHVWXGLHGPXVFOHPHWDEROLVPE\WKHFRPSOHPHQWDU\XVHRI1,56DQG
SKRVSKRUXVPDJQHWLF UHVRQDQFH VSHFWURVFRS\ 3056ZKLFK LVQRZDGD\V FRQVLGHUHG
WR EH WKH JROG VWDQGDUG RI QRQLQYDVLYH PHDVXUHPHQW RI KXPDQ PXVFOH PHWDEROLVP
&KDSWHU  $OWKRXJK WKLV PHWKRG FDQ SURYLGH LQGLUHFW LQIRUPDWLRQ DERXW R[LGDWLYH
PHWDEROLVPLWUHTXLUHVLVFKHPLFH[HUFLVHWRGRVR1,56SURYLGHVGLUHFWPHDVXUHPHQWRI
R[\JHQFRQVXPSWLRQREWDLQHGDWUHVWDQGGXULQJDHURELFDQGLVFKHPLFH[HUFLVHDVZHOO
7KHFRPELQDWLRQRI3056DQG1,56HQDEOHGVLPXOWDQHRXVPHDVXUHPHQWRIERWKWKH
NLQHWLFVRIKLJKHQHUJ\SKRVSKDWHVDQGR[LGDWLYHSURFHVVHVRIPXVFOHPHWDEROLVPZLWKLQ
WKHVDPHPXVFOHYROXPHRILQWHUHVWDQGVKRZHGWKDWGHSOHWLRQRIR[\JHQGXULQJLVFKHPLF
H[HUFLVHPLJKW WDNHVXEVWDQWLDOO\ ORQJHU WKDQLVFRPPRQO\DVVXPHG7KLVVWXG\LQGLFDWHV
WKHKLJKSRWHQWLDORIFRPELQLQJERWKPHWKRGVLQWKHLQYHVWLJDWLRQRIPXVFOHPHWDEROLVP
LQSK\VLRORJLFDODVZHOODVSDWKRORJLFDOVLWXDWLRQV
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)LQDOO\ZHKDYHFRPELQHGDOOUHVWLQJYDOXHVRIRXUKHDOWK\FRQWUROVLQRUGHUWRREWDLQ
LQIRUPDWLRQ DERXW QRUPDO UDQJH DQG ELRORJLFDO YDULDELOLW\ RI WKH GLIIHUHQW TXDQWLWDWLYH
YDULDEOHVWKDWFDQEHGHULYHGIURPLQYLYR1,56PHDVXUHPHQWV&KDSWHU
:LWKWKHDIRUHPHQWLRQHGVWXGLHVZHFODULILHGVRPHLPSRUWDQWPHWKRGRORJLFDODVSHFWV
RI LQ YLYR 1,56PHDVXUHPHQWV1,56 KDV VKRZQ WR EH D UHSURGXFLEOHPHWKRG IRU WKH
LQYHVWLJDWLRQRIORFDOR[\JHQDWLRQDQGKDHPRG\QDPLFVLQPXVFOHWLVVXH,WLVDEOHWRGHWHFW
ORFDOGLIIHUHQFHVLQPXVFOHDFWLYLW\ LVDSSOLFDEOHDWUHVWDVZHOODVXQGHUYDULRXVH[HUFLVH
FRQGLWLRQVDQGKDVDKLJKSRWHQWLDOLQWKHFRPSOHPHQWDU\XVHZLWK3056DOODVORQJ
DVWKHFRQIRXQGLQJIDFWRURI$77LVWDNHQLQWRFORVHFRQVLGHUDWLRQ
7KH VHFRQG REMHFWLYH ZDV WR LQYHVWLJDWH WKH SRWHQWLDO DSSOLFDELOLW\ RI 1,56 LQ
QHXURPXVFXODU GLVRUGHUV LQ RUGHU WR GHYHORS D QRQLQYDVLYH VFUHHQLQJVWHVW WKDW LV
IXQFWLRQDO LQ D ZLGH UDQJH RI SDWLHQWV VXVSHFWHG WR KDYH D PHWDEROLFPLWRFKRQGULDO
P\RSDWK\ :H VWDUWHG E\ WHVWLQJ ZKHWKHU 1,56 LV DEOH WR GLVWLQJXLVK SDWLHQWV ZLWK D
SURYHQ PLWRFKRQGULDO GHIHFW FKURQLF SURJUHVVLYH H[WHUQDO RSKWKDOPRSOHJLD &3(2
IURPD JURXSRIKHDOWK\ FRQWUROV &KDSWHU  DQG IRXQG WKDWR[\JHQ FRQVXPSWLRQZDV
GHFUHDVHG LQ WKH SDWLHQW JURXSZKLOH EORRG IORZZDV LQFUHDVHG 7KLVZDV LQ DJUHHPHQW
ZLWKWKHPLVPDWFKEHWZHHQ2GHOLYHU\DQG2XWLOLVDWLRQWKDWZDVSUHYLRXVO\GHVFULEHGLQ
OLWHUDWXUH >+DOOHU @ +RZHYHU WKH IXQFWLRQ RI D VFUHHQLQJVWHVW LV WR GLVFULPLQDWH
LQGLYLGXDO SDWLHQWV IURP KHDOWK\ FRQWUROV DQG DOWKRXJK ERWK JURXSV FRXOG EH
GLVFULPLQDWHGIURPHDFKRWKHURQO\WKUHHRXWRIILYHLQGLYLGXDOSDWLHQWVZHUHRXWVLGHWKH
FRQILGHQFHLQWHUYDO0RUHRYHUZKHQWKHVHUHVXOWVZHUHFRPELQHGODWHURQZLWKWKH
UHVXOWV FRQFHUQLQJ WKH FRQIRXQGLQJ HIIHFW RI DGLSRVH WLVVXH WKLFNQHVV RQ LQ YLYR 1,56
PHDVXUHPHQWV&KDSWHULWWXUQHGRXWWKDWDVXEVWDQWLDOSDUWRIWKHGLIIHUHQFHEHWZHHQ
SDWLHQWV DQG FRQWUROV KDG WR EH DVFULEHG WR WKH GLIIHUHQFH LQ DGLSRVH WLVVXH WKLFNQHVV
$OWKRXJKPRVWSDWLHQWVVWLOOKDG ORZFRQVXPSWLRQUDWHV WKH\ZHUHQRZZLWKLQWKH
FRQILGHQFHLQWHUYDORIWKHFRQWUROV&KDSWHUSRVWVFULSWXP
0RQLWRULQJ RI WKH GLVHDVH VWDWXV RYHU WLPH RU WKH HIIHFW RI WUDLQLQJ RU WKHUDS\ LV
DQRWKHUSRVVLELOLW\IRULQYLYR1,56PHDVXUHPHQWV7KHDGYDQWDJHRIVXFKDORQJLWXGLQDO
GHVLJQ LV WKDW WKH SDWLHQW FDQ EH KLVKHU RZQ FRQWURO WKHUHE\ DYRLGLQJ LWHPV OLNH
EHWZHHQVXEMHFW YDULDELOLW\ DQG FRQIRXQGLQJ IDFWRUV OLNH $77:H KDYH XVHG1,56 WR
VWXG\ WKH HIIHFW RI PHGLFDWLRQ LQ GHUPDWRP\RVLWLV DQ LQIODPPDWRU\ P\RSDWK\ WKDW LV
FKDUDFWHULVHG E\ DPLFURYDVFXORSDWK\ DQGZHUH DEOH WR GHWHFW LPSURYHPHQW RI

29P  
DQG KDHPRG\QDPLFV DIWHU WKUHH DQG VHYHQ ZHHNV RI PHGLFDWLRQ FRUUHVSRQGLQJ WR WKH
FOLQLFDOILQGLQJV&KDSWHU
,QWKHLQYHVWLJDWLRQRISDWLHQWVZLWKQHXURPXVFXODUGLVRUGHUV1,56KDVVKRZQWKDWLW
FDQ GLVFULPLQDWH D JURXS RI SDWLHQWV ZLWKPLWRFKRQGULDO GHIHFWV IURP KHDOWK\ FRQWUROV
$OWKRXJKWKHVHSDWLHQWVKDGSURYHQPLWRFKRQGULDOGHIHFWVLWLVQRWNQRZQZKHWKHUWKHVH
GHIHFWVGLUHFWO\ DIIHFWPLWRFKRQGULDO2 FRQVXPSWLRQRUPLWRFKRQGULDO$73 IRUPDWLRQ
1,56ZDVQRWVHQVLWLYHHQRXJKWRGLVFULPLQDWHLQGLYLGXDO&3(2SDWLHQWVIURPFRQWUROV
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EXW PLJKW GR VR IRU SDWLHQWV ZLWK RWKHU PHWDEROLFPLWRFKRQGULDO P\RSDWKLHV ZKHUH
PLWRFKRQGULDO 2 FRQVXPSWLRQ RU R[LGDWLYH $73SURGXFWLRQ LVPRUH VHYHUHO\ DIIHFWHG
VXFKDVLQ0(/$6RU/HLJKV\QGURPH
7KH XVH RI 1,56 DV D QRQLQYDVLYH WRRO IRU PRQLWRULQJ RI WKHUDS\ HIIHFWV SURYHG
VXFFHVVIXOLQGHUPDWRP\RVLWLV7UHDWPHQWLVZHOOHVWDEOLVKHGIRUWKLVPXVFOHGLVRUGHUEXW
WKLV LV QRW WKH FDVH IRU PRVW RWKHU QHXURPXVFXODU GLVRUGHUV $SDUW IURP WULDOV ZLWK
YLWDPLQ VXSSOHPHQWV DQG VXEVWDQFHV OLNH FUHDWLQH DQG FDUQLWLQH WKHUH LV DV \HW QR
WUHDWPHQWIRUPLWRFKRQGULDOP\RSDWKLHV

METHODOLOGICAL CONSIDERATIONS 
1,56 KDV SURYHQ WR EH DQ HDV\ DQG YDOXDEOH WRRO DSSOLFDEOH LQ WKH LQYHVWLJDWLRQ RI
QRUPDO SK\VLRORJLFDO DV ZHOO DV SDWKRORJLFDO VLWXDWLRQV ’XH WR WKH GLUHFW DQG ORFDO
PHDVXUHPHQW RI PXVFOH WLVVXH DW UHVW DQG GXULQJ H[HUFLVH LW FDQ FRQWULEXWH LQ IXWXUH
UHVHDUFKWRFODULI\WKHJDSVRILQYLYRKXPDQSK\VLRORJ\DQGSDWKRORJ\
1,56 KDV D QXPEHU RI VLJQLILFDQW DGYDQWDJHV ,W LV QRQLQYDVLYH DQG PHDVXUHV
R[\JHQDWLRQ DQG KDHPRG\QDPLFV GLUHFWO\ LQ WKHPXVFOH 7KH OLJKW LQWHQVLW\ LV YHU\ ORZ
DQG WKHUHIRUH KDUPOHVV ,W KDV D KLJK VDPSOH IUHTXHQF\ XS WR +] ZKLFK HQDEOHV
PHDVXUHPHQWRIIDVWFRPSRQHQWVIRUH[DPSOHDWWKHWUDQVLWLRQIURPUHVWWRH[HUFLVHDQG
YLVDYHUVD)XUWKHUPRUHLWLVUHODWLYHO\LQH[SHQVLYHHDV\WRDSSO\SRUWDEOHDQGDSSOLFDEOH
DWWKHEHGVLGH
7KH GLVDGYDQWDJH RI1,56 LV LQ WKH ILUVW SODFH WKDW LWPHDVXUHV UHODWLYH FKDQJHV LQ
FRQFHQWUDWLRQV LQVWHDG RI WKH DEVROXWH DPRXQWV RI R[\ DQG
GHR[\KDHPRJORELQP\RJORELQ EXW IXWXUH WHFKQLFDO GHYHORSPHQWV FDQ RYHUFRPH WKLV
SUREOHP 2WKHU LWHPV OLNH WKH QDWXUH RI WKH VLJQDO GLIIHUHQWLDO SDWKOHQJWK IDFWRU
GLVWLQFWLRQEHWZHHQKDHPRJORELQDQGP\RJORELQFRQIRXQGLQJHIIHFWRI$77DUHPRUH
RU OHVVFRQVLGHUHGDVGLVDGYDQWDJHVRI WKH WHFKQLTXHDOWKRXJK WKH UHOHYDQFHRI VRPHRI
WKRVHFDQEHGLVFXVVHG

Nature of signal 
7KHPD[LPXPPHDVXUHPHQWGHSWKRI1,56 LV WKRXJKW WR EH URXJKO\KDOI WKHGLVWDQFH
EHWZHHQVRXUFHDQGGHWHFWRU>&XLHWDO+RPPDHWDOE@)RUDQ LQWHURSWRGH
GLVWDQFHRIPPWKHOLJKWZLOOWKHUHIRUHSHQHWUDWHDSSUR[LPDWHO\PPLQWRWKHWLVVXH
ZKHUH LW LV HLWKHU VFDWWHUHG RU DEVRUEHG0RVW RI WKH GHWHFWHG OLJKW ZLOO WUDYHO WKURXJK
PXVFOH WLVVXH LI WKH VNLQIROG LVQRW WRR WKLFN+RZHYHU LW LV QRW FRPSOHWHO\ FOHDU IURP
ZKLFKYDVFXODU FRPSDUWPHQW WKHGHWHFWHGSKRWRQVHPHUJH&XUUHQWO\ LW LV WKRXJKW WKDW
1,56 PHDVXUHV FKDQJHV LQ WLVVXH R[\JHQDWLRQ DW WKH OHYHO RI VPDOO EORRG YHVVHOV
FDSLOODULHV DQG LQWUDFHOOXODU VLWHV RI R[\JHQ XSWDNH>&KDQFH HW DO +DPSVRQ HW DO
+RPPDHWDOD0DQFLQLHWDOE@EDVHGRQWKHIDFWWKDWWKHSKRWRQVDUH
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DOPRVWFRPSOHWHO\DEVRUEHGLQWKHODUJHUDUWHULHVDQGYHLQVGXHWRWKHKLJKFRQFHQWUDWLRQ
RI HU\WKURF\WHV DQG WKXV KDHPRJORELQ >&KDQFH HW DO  0DQFLQL HW DO E@
+RZHYHUDIXQGDPHQWDOEDVHIRUWKLVK\SRWKHVLVLVVWLOOPLVVLQJ

Path-length factor 
4XDQWLWDWLRQ RI FKDQJHV LQ R[\ DQG GHR[\KDHPRJORELQP\RJORELQ UHTXLUHV
LQFRUSRUDWLRQRIDGLIIHUHQWLDOSDWKOHQJWKIDFWRU’3)WRDFFRXQWIRUVFDWWHULQJRIWKH
OLJKW ZLWKLQ WKH WLVVXH 7KH ’3) IRU VNHOHWDO PXVFOH KDV EHHQ PHDVXUHG E\ VHYHUDO
LQYHVWLJDWRUVXQGHUGLIIHUHQWFRQGLWLRQVDQGXVLQJGLIIHUHQWLQVWUXPHQWDWLRQ>’HOS\HWDO
’XQFDQ HW DO (VVHQSUHLV HW DO )HUUDUL HW DO YDQGHU=HH HW DO
@ 7KH DYHUDJH YDOXHV IRXQG IRU’3) LQ WKH KXPDQ IRUHDUP OLH EHWZHHQ  DQG
 ,Q WKLV WKHVLVZHKDYH XVHG D IL[HG YDOXH RI  VLQFH GLUHFWPHDVXUHPHQW RI WKH
LQGLYLGXDO ’3) LV LPSRVVLEOH XVLQJ FRQWLQXRXVZDYH VSHFWURSKRWRPHWHUV 7KLV ZD\
KRZHYHU FRUUHFWLRQ IRU LQWHULQGLYLGXDO GLIIHUHQFHV LQ WKH VFDWWHULQJ RI OLJKW LV QRW
SRVVLEOHDQGPLJKWLQFUHDVHWKHEHWZHHQVXEMHFWYDULDELOLW\+RZHYHUDQLPSRUWDQWIDFWRU
LQ GHWHUPLQLQJ WKH LQGLYLGXDO ’3) LV WKH DGLSRVH WLVVXH WKLFNQHVV $77 $V ZH KDYH
VKRZQ$77FRQIRXQGVLQYLYR1,56PHDVXUHPHQWVDQGDFRUUHFWLRQIDFWRUZDVSURYLGHG
IRU FDOFXODWLRQ RI

29P   DQG )%) &KDSWHU  ,I IXWXUH UHVHDUFK FDQ UHYHDO PRUH
LQIRUPDWLRQDERXWWKHUHODWLRQVKLSEHWZHHQ$77DQG’3)LWEHFRPHVSRVVLEOHWRPDNHD
PRUHDFFXUDWHDVVXPSWLRQRIWKHLQGLYLGXDO’3)DQGLQFRUSRUDWHWKLVLQIRUPDWLRQGLUHFWO\
LQWKHDOJRULWKP

Haemoglobin versus myoglobin 
1,56 LV XQDEOH WR GLVWLQJXLVK EHWZHHQ FKDQJHV LQ R[\KDHPRJORELQ 2+E DQG
R[\P\RJORELQ20ERULQGHR[\KDHPRJORELQ++EDQGGHR[\P\RJORELQ+0EGXH
WRLGHQWLFDODEVRUSWLRQVSHFWUDRI+EDQG0E$OWKRXJKWKHUHLVQRFRQVHQVXV\HWDERXW
ZKHWKHU WKH1,56VLJQDORULJLQDWHV IURP+E>6HL\DPDHWDO:DQJHWDO@RU
0E>0ROHHWDO7UDQHWDO@WKLVGRHVQRWDIIHFWWKHUHVXOWVDVSUHVHQWHGLQWKLV
WKHVLVVLQFHZHKDYHIRFXVVHGRQWKHDPRXQWRI2FRQVXPHGLQGHSHQGHQWO\ZKHWKHULW
FDPHIURP+ERU0E

Skinfold thickness 
$V VKRZQ LQ &KDSWHU  $77 VXEVWDQWLDOO\ FRQIRXQGV WKH PHDVXUHPHQW RI PXVFOH
R[\JHQDWLRQDQGKDHPRG\QDPLFVXVLQJ1,567KHFOLQLFDOUHOHYDQFHRIWKLVNQRZOHGJHLV
GHVFULEHGLQ&KDSWHUZKHUHDVXEVWDQWLDOSDUWRIWKHGLIIHUHQFHLQR[\JHQFRQVXPSWLRQ
DQGIRUHDUPEORRGIORZWKDWZDVIRXQGEHWZHHQSDWLHQWVDQGFRQWUROVKDGWREHDVFULEHG
WR WKH GLIIHUHQFH LQ DGLSRVH WLVVXH WKLFNQHVV 7KHVH UHVXOWV XQGHUVFRUH WKH KLJK
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VLJQLILFDQFH RI LQFRUSRUDWLQJ $77 LQWR DOO IXWXUH 1,56 VWXGLHV 3URYLGLQJ LQIRUPDWLRQ
DERXW$77LVDEVROXWHO\QHFHVVDU\WRFRPSDUHJURXSVRUGDWDIURPOLWHUDWXUH0RUHRYHU
EHFDXVHPHDVXUHPHQWRIVNLQIROGWKLFNQHVVLVHDV\DQGIDVWLWVKRXOGEHFRPHDVWDQGDUG
URXWLQHLQHYHU\LQYLYR1,56PHDVXUHPHQW

Venous versus arterial occlusion method 
,QWKHSDVWLWKDVEHHQVXJJHVWHGWKDWWKHYHQRXVRFFOXVLRQPHWKRGLVWREHSUHIHUUHGRYHU
WKH DUWHULDO RFFOXVLRQ PHWKRG EHFDXVH YHQRXV RFFOXVLRQ LV OHVV LQFRQYHQLHQW IRU WKH
VXEMHFW WKH UHFRYHU\ LV PXFK IDVWHU DQG

29P   DQG IORZ FDQ EH PHDVXUHG
VLPXOWDQHRXVO\ >’H %ODVL HW DO  +RPPD HW DO D@ +RZHYHU WKH YHQRXV
RFFOXVLRQLVDOVRPRUHSURQHWRDOZD\VRFFXUULQJYDULDWLRQVLQIORZZLWKLQWKHDUPGXHWR
FKDQJHVLQEORRGSUHVVXUHDQGORFDOYDVRUHDFWLYLW\ZKHUHDVWKHVHLQIOXHQFHVDUHQHJOLJLEOH
GXULQJ DUWHULDO RFFOXVLRQ EDVHG RQ WKH FORVHG FRPSDUWPHQW WHPSRUDULO\ FXW RII IURP
FHQWUDOO\PHGLDWHGYDULDWLRQV$VZHVKRZHGLQWKLVWKHVLV

29P  IURPYHQRXVRFFOXVLRQ
DSSHDUHGWREHXQUHOLDEOHZKHQUHSHDWHGVHYHUDOWLPHVZLWKLQRQHVHVVLRQ&KDSWHU,Q
DQRWKHUVWXG\&KDSWHUDFRHIILFLHQWRIYDULDWLRQRIZDVIRXQGIRUWKHZLWKLQ
VXEMHFW YDULDELOLW\ RI UHVWLQJ

29P   GXULQJ YHQRXV RFFOXVLRQ ZKLOH WKH FRHIILFLHQW RI
YDULDWLRQZDVPXFKORZHUIRUWKHDUWHULDORFFOXVLRQPHWKRG7KHUHIRUHLWLVRXU
RSLQLRQ WKDW WKHDUWHULDORFFOXVLRQPHWKRG LV WREHSUHIHUUHGRYHU WKHYHQRXVRFFOXVLRQ
PHWKRGIRUFDOFXODWLRQRI

29P  

Increase tHb during arterial occlusion 
&DOFXODWLRQRI

29P  XVLQJWKHDUWHULDORFFOXVLRQPHWKRGFDQEHGHULYHGIURPWKHUDWHRI
GHFUHDVH LQ2+EDQG IURP WKH UDWHRIGHFUHDVH LQ+EGLII:KHQFKDQJHV LQ2+EDQG
++E DUH LGHQWLFDO EXW LQ RSSRVLWH GLUHFWLRQ WKHQ

29P   FDOFXODWHG IURP2+E DQG
+EGLIIZLOODOVREHLGHQWLFDO+RZHYHUWKLVFDQRQO\EHDFKLHYHGZKHQEORRGYROXPHVWD\V
FRQVWDQW GXULQJ WKH RFFOXVLRQ DQG WKLV LV QRW DOZD\V WKH FDVH $Q LQFUHDVH LQ W+E KDV
EHHQ UHSRUWHG LQ VHYHUDO VWXGLHV>&KHDWOH HW DO &ROLHU HW DO .RRLMPDQHW DO
 .UDJHOM HW DO @ DQG LV DGGUHVVHG WR D UHGLVWULEXWLRQ RI EORRG GXULQJ WKH
RFFOXVLRQ$OWKRXJKERWKPHWKRGVDUHXVHGLQWKHOLWHUDWXUH LW LVQRWFOHDUZKHWKHU WKH\
JLYH VLPLODU UHVXOWV $V GHVFULEHG LQ &KDSWHU  ZH FDOFXODWHG

29P   DW YDULRXV ZRUN
LQWHQVLWLHV IURP ERWK WKH UDWH RI GHFUHDVH LQ2+E DQG+EGLII DQG IRXQG D VLJQLILFDQW
GLIIHUHQFHEHWZHHQERWKPHWKRGVGXHWRFKDQJHVLQW+E7KLVGLIIHUHQFHZDVQHJOLJLEOHDW
ORZLQWHQVLWLHVEXWEHFDPHPRUHSURQRXQFHGGXULQJKLJKLQWHQVLW\ZRUN7KHLQFUHDVHLQ
W+E UHVXOWV LQ DGLVFUHSDQF\EHWZHHQ

29P   FDOFXODWHG IURP2+EDQG WKDW FDOFXODWHG
IURP+EGLII 6LQFH LW LV XQNQRZQZKHWKHU WKH LQFUHDVH LQEORRGYROXPHRULJLQDWHV IURP
WKH DUWHULDO RU YHQRXV VLGH DQG WKHUHIRUH ZKHWKHU WKH H[WUD YROXPH FRQWDLQV PRVWO\
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2+ERU++ELWUHPDLQVXQFOHDULIWKHWUXHFRQVXPSWLRQLVUHIOHFWHGE\WKHGHFUHDVHLQ
2+ERUE\WKHLQFUHDVHLQ++EDQG+EGLIIZLOOJLYHZKHQEORRGYROXPHLVQRWFRQVWDQW
HLWKHUDQXQGHUHVWLPDWLRQ2+ERURYHUHVWLPDWLRQ++ERI 29P  +RZHYHULWLVRXU
RSLQLRQWKDWDVORQJDVWKHRULJLQRIWKHH[WUDEORRGYROXPHLVQRWLGHQWLILHG+EGLIILVWKH
EHVWFKRLFHIRUFDOFXODWLRQRI

29P  VLQFHFKRRVLQJWKHZURQJYDULDEOH2+ERU++E
ZLOOLQFUHDVHWKHPHDVXUHPHQWHUURU

CLINICAL CONSIDERATIONS 
Sensitivity/specificity 
2QHRI WKHREMHFWLYHVRI WKLV WKHVLVZDV WR LQYHVWLJDWH WKHSRVVLELOLWLHVRI1,56 IRU WKH
GHYHORSPHQWRIDQRQLQYDVLYHVFUHHQLQJVWHVWWKDWZRXOGEHIXQFWLRQDOLQDZLGHUDQJHRI
SDWLHQWV VXVSHFWHG WR KDYH D PLWRFKRQGULDO P\RSDWK\ $OWKRXJK 1,56 ZDV DEOH WR
GLVFULPLQDWHDKRPRJHQHRXVJURXSRI&3(2SDWLHQWVIURPKHDOWK\FRQWUROVLWFRXOGQRW
GLVWLQJXLVKWKHLQGLYLGXDOSDWLHQWV7KHVHSDWLHQWVKDGSURYHQPLWRFKRQGULDOGHIHFWVEXWLW
LVQRWNQRZQZKHWKHUWKHVHGHIHFWVGLUHFWO\DIIHFW2FRQVXPSWLRQRUPLWRFKRQGULDO$73
IRUPDWLRQ :KHQ XVHG LQ RWKHU PHWDEROLFPLWRFKRQGULDO P\RSDWKLHV ZKHUH 2
FRQVXPSWLRQ DQGRU R[LGDWLYH $73SURGXFWLRQ LV PRUH GLUHFWO\ RU PRUH VHYHUHO\
DIIHFWHG1,56PLJKWEHVHQVLWLYHHQRXJKWRGLVWLQJXLVKDOVRDWWKHLQGLYLGXDOOHYHO
2QWKHRWKHUKDQGRXU&3(2SDWLHQWVZHUHWHVWHGGXULQJORZLQWHQVLW\ZRUNDQGLWLV
WKHUHIRUH SRVVLEOH WKDW WKH GHPDQG RQ PXVFOH PHWDEROLVP ZDV VLPSO\ QRW HQRXJK WR
SURYRNHDGLIIHUHQFHEHWZHHQSDWLHQWVDQGFRQWUROV,WPLJKWDOVREHZRUWKZKLOHWRIRFXV
RQWKRVHPXVFOHVWKDWDUHPRVWVHYHUHO\DIIHFWHGDOWKRXJKWKLVDSSURDFKPD\HQFRXQWHU
SUDFWLFDO OLPLWDWLRQV VLQFH LW LQGLFDWHV PDQ\ GLIIHUHQW PHDVXUHPHQW VLWHV GXH WR WKH
KHWHURJHQHRXVFOLQLFDOH[SUHVVLRQ
,WLVRXURSLQLRQWKDWDOWKRXJKWKHH[SHQVHVZLOOEHPDQ\WLPHVKLJKHUFRPELQDWLRQRI
1,56ZLWKSKRVSKRUXVPDJQHWLFUHVRQDQFHVSHFWURVFRS\ZLOOKDYHDKLJKSRWHQWLDOLQWKH
HVWDEOLVKPHQW RI D QRQLQYDVLYH VFUHHQLQJVWHVW &RPELQLQJ WKH WZR PHWKRGV HQDEOHV
VLPXOWDQHRXV PHDVXUHPHQW RI WKH NLQHWLFV RI KLJKHQHUJ\ SKRVSKDWHV DQG R[LGDWLYH
SURFHVVHV ZLWKLQ WKH VDPHPXVFOH YROXPH RI LQWHUHVW DQG FDQ WKHUHIRUH JLYH D PRUH
FRPSOHWHYLHZRQPXVFOHPHWDEROLVPLQKHDOWKDQGGLVHDVH6LQFHPRUHDVSHFWVRIPXVFOH
PHWDEROLVPFDQEHPHDVXUHGVLPXOWDQHRXVO\DQGZLWKLQWKHVDPHPXVFOHLWLVOLNHO\WKDW
WKLVFRPELQDWLRQZLOODOVROHDGWRPRUHVSHFLILFLW\DVLVQRZSRVVLEOHE\1,56DORQH

Quantitative measurement 
1,56 LV DQ HOHJDQW QRQLQYDVLYH WHFKQLTXH SURYLGLQJ UHOHYDQW LQIRUPDWLRQ DERXW 2
GHOLYHU\ DQG FRQVXPSWLRQ DOO WKH PRUH VLQFH GLUHFW QRQLQYDVLYH PHDVXUHPHQW RI
PLWRFKRQGULDO IXQFWLRQ LV QRW SRVVLEOH 4XDQWLWDWLYH 1,56 PHDVXUHPHQW RI 2
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FRQVXPSWLRQ DQG EORRG IORZ KDV SURYHQ WR EH D UHOLDEOHPHWKRG WKDW FDQ GHWHFW ORFDO
GLIIHUHQFHVEHWZHHQPXVFOHV DW GLIIHUHQW DFWLYLW\ OHYHOV0RUHRYHUZHRQO\ IRFXVVHGRQ
R[\JHQ FRQVXPSWLRQ DQG EORRG IORZPHDVXUHPHQWV LQ WKH SUHVHQWHG SDWLHQWVWXGLH RI
&KDSWHUZKLOHRWKHUTXDQWLWDWLYHYDULDEOHVFDQEHGHWHUPLQHGDVZHOO&KDSWHU$VIRU
LQVWDQFH LVGHVFULEHG LQ&KDSWHUZKHUH WKH UHR[\JHQDWLRQUDWH LVXVHG WRPRQLWRU WKH
HIIHFWRIPHGLFDWLRQLQDSDWLHQWZLWKGHUPDWRP\RVLWLVDPXVFOHGLVRUGHUFKDUDFWHULVHGE\
FDSLOODU\YDVFXOLWLV&RPELQLQJVHYHUDOYDULDEOHVFDQSRVVLEO\JLYHQHZLQVLJKWVDQGPLJKW
OHDGWRDELRHQHUJHWLFFKDUDFWHULVDWLRQRIWKHGLIIHUHQWGLVRUGHUV

Clinical applicability 
)URP WKH DERYH PHQWLRQHG DVSHFWV LW LV FOHDU WKDW 1,56 LV QRW \HW UHDG\ IRU FOLQLFDO
DSSOLFDWLRQ LQ WKH IRUPRI D VFUHHQLQJVWHVW )RU WKH1,56PHDVXUHPHQWV WKHPVHOYHV LW
FDQ EH VDLG WKDW DOWKRXJK WKH DSSOLFDWLRQ LV UHODWLYHO\ HDV\ IDPLOLDULVDWLRQ ZLWK WKH
WHFKQLTXH LVQHFHVVDU\$ VXEVWDQWLDO DPRXQWRI H[SHULHQFH LV UHTXLUHG IRUGDWD DQDO\VLV
DOWKRXJKWKHVRIWZDUHKDVLPSURYHGVXEVWDQWLDOO\RYHUWKH\HDUV+RZHYHUWHFKQLTXHVOLNH
SKRVSKRUXV PDJQHWLF UHVRQDQFH VSHFWURVFRS\ DQG HFKR GRSSOHU DUH HYHQ IDU PRUH
FRPSOLFDWHG LQ ERWK DSSOLFDWLRQ DV ZHOO DV DQDO\VLV EXW HYHQ VR HVWDEOLVKHG DV FOLQLFDO
WHFKQLTXH
6LQFHWKHPHDVXUHPHQWVWKHPVHOYHVKDYHQRULVNWDNHDUHODWLYHO\VPDOOWLPHVSDQDQG
DUH SDWLHQW IULHQGO\ LW LV SUHIHUDEOH WR WHVWPRUH SDWLHQWV DQGPRUH GLIIHUHQW GHIHFWV LQ
RUGHU WR REWDLQ D EHWWHU YLHZ RI R[\JHQDWLRQ DQG KDHPRG\QDPLFV LQ SDWLHQWV ZLWK
QHXURPXVFXODUGLVRUGHUV

FUTURE PERSPECTIVES 
Bio-energetic characterisation 
,QWKLVWKHVLV1,56ZDVXVHGWRPHDVXUHPXVFOHR[\JHQFRQVXPSWLRQDQGEORRGIORZLQ
VHYHUDO P\RSDWKLHV 1,56 ZDV PDLQO\ XVHG GXULQJ ORZLQWHQVLW\ ZRUN EXW FDQ DOVR EH
DSSOLHG GXULQJ KLJKHU ZRUN LQWHQVLWLHV DV SUHVHQWHG LQ &KDSWHU  DQG  7KLV ZD\
GLIIHUHQFHV LQ FRQVXPSWLRQ IORZ RU UHFRYHU\ WLPH PLJKW EHFRPH PRUH SURQRXQFHG
EHWZHHQ SDWLHQWV DQG FRQWUROV 0RUHRYHU ZH KDYH PDLQO\ IRFXVVHG RQ R[\JHQ
FRQVXPSWLRQZKLOHVHYHUDORWKHUYDULDEOHVFDQEHPHDVXUHGE\1,56WKXVH[WHQGLQJWKH
SLFWXUH RI PXVFOH R[\JHQDWLRQ DQG KDHPRG\QDPLFV LQ PHWDEROLF RU PLWRFKRQGULDO
GLVRUGHUV2Q WKHRWKHUKDQG WKHUHDUHPDQ\RWKHUP\RSDWKLHVRIZKLFK VRPHGLUHFWO\
DIIHFW2FRQVXPSWLRQDQGWKH$73SURGXFWLRQE\DGHIHFWLQWKHUHVSLUDWRU\FKDLQ0RUH
UHVHDUFKLVQHHGHGLQRUGHUWRIXOO\MXGJHWKHDSSOLFDELOLW\RI1,56LQWKHGHYHORSPHQWRI
D QRQLQYDVLYH VFUHHQLQJVWHVW 9DULRXV SDWLHQW JURXSV GLIIHUHQW H[HUFLVH SURWRFROV DQG
PRUH1,56YDULDEOHVQHHGWREHLQYHVWLJDWHG
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$QRWKHUIXWXUHSHUVSHFWLYHRI1,56PHDVXUHPHQWVLQQHXURPXVFXODUGLVRUGHUVFDQLQ
RXURSLQLRQEHIRXQGLQWKHFRPELQDWLRQRI1,56ZLWKRWKHUQRQLQYDVLYHWHFKQLTXHVOLNH
SKRVSKRUXV PDJQHWLF UHVRQDQFH VSHFWURVFRS\ HFKR ’RSSOHU DQG (0* :LWK WKHVH
WHFKQLTXHV FRPELQHG VLPXOWDQHRXVO\ WKH SLFWXUH RI ORFDO PXVFOH PHWDEROLVP EHFRPHV
DOPRVW FRPSOHWHSURYLGLQJDQH[WHQGHGDQGQRQLQYDVLYHYLHZRQPXVFOHSK\VLRORJ\ LQ
KHDOWK DQG GLVHDVH :LWK WKH DGGLWLRQDO LQIRUPDWLRQ LW PLJKW YHU\ ZHOO EH SRVVLEOH WR
FODULI\ WKH SK\VLRORJLFDO LPSDLUPHQW LQ QHXURPXVFXODU GLVRUGHUV DQG WR GHYHORS D ELR
HQHUJHWLFFKDUDFWHULVDWLRQRIWKHGLIIHUHQWGHIHFWV

Effect of therapy 
7KLV WKHVLV VKRZHG WKDW DSSOLFDWLRQ RI1,56PLJKW EHVXFFHVVIXO LQ WKHPRQLWRULQJ RI
WUHDWPHQW RU WKHUDS\ HIIHFW &RQVLGHULQJ WKH IDFW WKDW ZLWK VXFK D ORQJLWXGLQDO
PHDVXUHPHQW GHVLJQ VRPH RI WKH JHQHUDO SUREOHPV RI 1,56 DUH DYRLGHG HJ LQWHU
VXEMHFW YDULDELOLW\ DQG FRQIRXQGLQJ HIIHFW RI DGLSRVH WLVVXH WKLFNQHVV WKLV DSSURDFK
VHHPV SURPLVLQJ LQ WKH IROORZXS RI QHXURPXVFXODU GLVRUGHUV $OWKRXJK WKHUH LV QR
WUHDWPHQWWKDWLVJHQHUDOO\HIIHFWLYHIRUPLWRFKRQGULDOP\RSDWKLHVUHFHQWVWXGLHVVKRZHG
WKDW DHURELF H[HUFLVHPLJKW EH EHQHILFLDO LQPLWRFKRQGULDOP\RSDWKLHV >7DLYDVVDOR HW DO
7DLYDVVDOR HW DO 7DLYDVVDOR HW DO @$HURELF H[HUFLVH LV QRW WKRXJKW WR
UHGXFH WKH PLWRFKRQGULDO GHIHFW EXW PLJKW UHYHUVH WKH FKURQLF GHFRQGLWLRQLQJ WKDW
DFFRPSDQLHVWKHSULPDU\PLWRFKRQGULDOGHIHFW0RUHUHVHDUFKLVQHHGHGWRLQYHVWLJDWHWKH
XQGHUO\LQJPHFKDQLVPVRIWKLVEHQHILFLDOHIIHFWRIDHURELFWUDLQLQJ

Multichannel NIRS 
$OWKRXJK WKH ORFDOLVHG PHDVXUHPHQW RI 1,56 KDV WKH JUHDW DGYDQWDJH RI PHDVXULQJ
GLUHFWO\LQWKHPXVFOHWKHPDJQLWXGHRIWKHPHDVXUHGYROXPHLVOLPLWHGDERXWFPDQG
LQIRUPDWLRQ DERXW KHWHURJHQHLW\ FDQ QRW EH REWDLQHG XVLQJ D VLQJOH FKDQQHO
VSHFWURSKRWRPHWHU7KLVUDLVHVWKHTXHVWLRQZKHWKHUWKHPHDVXUHGYDOXHLVUHSUHVHQWDWLYH
IRU WKHZKROHPXVFOH (VSHFLDOO\ LQ ODUJHPXVFOHV OLNH WKH TXDGULFHSV RU JDVWURFQHPLXV
PXVFOH WKLV PLJKW QRW EH WKH FDVH ,Q KHDOWK\ VXEMHFWV SHUIXVLRQ KHWHURJHQHLW\ H[LVWV
ZLWKLQ UHJLRQV RI WKH VDPH PXVFOH DQG EHWZHHQ YDULRXV PXVFOHV ,W ZDV IRXQG WKDW
LQFUHDVHV LQPXVFOHEORRG IORZGXULQJH[HUFLVHZHUHGLUHFWHG WRQHZO\ UHFUXLWHGPXVFOH
DQGQRWWRLQFUHDVHGSHUIXVLRQRIDOUHDG\HQJDJHGPXVFOH>5D\HWDO@7KHVHUHVXOWV
DUHFRPSDWLEOHZLWKRXURZQPHDVXUHPHQWVXVLQJWZRVHSDUDWH1,56VSHFWURSKRWRPHWHUV
ILQGLQJ WKDW IORZDQG FRQVXPSWLRQZHUHGLIIHUHQWEHWZHHQ H[HUFLVLQJPXVFOHV &KDSWHU

0XOWLFKDQQHO 1,56 PHDVXUHPHQWV DUH QRZDGD\V DYDLODEOH DQG KDYH WKH JUHDW
DGYDQWDJHRIPHDVXULQJDODUJHUSRUWLRQRIWKHPXVFOHRUHYHQDPRQJVWGLIIHUHQWPXVFOHV
:LWKWKHVSHFWURSKRWRPHWHUDVXVHGLQWKLVWKHVLVLWLVQRZSRVVLEOHWRH[WHQGWKHGHYLFH
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WR XS WR  FKDQQHOV 7KLVZD\ VLPXOWDQHRXV R[\JHQDWLRQ DQG KDHPRG\QDPLFV FDQ EH
REWDLQHGDW WZHOYHPHDVXUHPHQWVLWHV FRYHULQJD VNLQDUHDRI[FP DQGPHDVXUHG
ZLWKDQDFTXLVLWLRQWLPHRIV>4XDUHVLPDHWDO@

Pathophysiology of myopathies 
$SDUW IURP PRUH LQVLJKW LQ UHJLRQDO EORRG IORZ GLVWULEXWLRQ DQG LWV UHJXODWLRQ GXULQJ
H[HUFLVH LQ KHDOWK\ KXPDQV WKHVH VSDWLDO DQG WHPSRUDO IHDWXUHV RI WKH KHWHURJHQHLW\ RI
SHUIXVLRQ DQGPHWDEROLVP ZLOO OHDG WR EHWWHU XQGHUVWDQGLQJ RI WKH SDWKRSK\VLRORJ\ RI
P\RSDWKLHVDQGPLJKWUHVXOWLQDGLIIHUHQWDSSURDFKIRUWKHUDS\2QO\UHFHQWO\1,56ZDV
XVHG WR GHPRQVWUDWH WKDW WKH SURWHFWLYHPHFKDQLVPRI QLWULF R[LGH LQ WKH UHJXODWLRQRI
EORRG IORZ ZLWKLQ WKH H[HUFLVLQJ VNHOHWDO PXVFOH E\ PRGXODWLQJ WKH YDVRFRQVWULFWRU
UHVSRQVHLVGHIHFWLYHLQFKLOGUHQZLWK’XFKHQQHPXVFXODUG\VWURSK\>6DQGHUHWDO@
/DFNLQJ WKLV UHJXODWLRQ UHVXOWV LQ DQ HQKDQFHG V\PSDWKHWLF YDVRFRQVWULFWLRQ VWUHVVLQJ
PXVFOHSHUIXVLRQDQGWKXVOHDGLQJWRPXVFOHLVFKHPLD7KLVVWXG\VKRZHGWKDWSURJUHVVLYH
PXVFOHILEURVLVPD\EHDFFHOHUDWHGE\H[HUFLVHLQVRPHP\RSDWKLHVDQGDVDFRQVHTXHQFH
WUDLQLQJLQWKHVHGLVHDVHVVKRXOGEHVWULFWO\OLPLWHGWRORZSURILOHH[HUFLVH

 

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1HDULQIUDUHG VSHFWURVFRS\ RIZHO QDELMLQIUDURRG VSHFWURVFRSLH NRUWZHJ 1,56
JHQRHPGLVHHQRSWLVFKHWHFKQLHNZDDUPHHRSQLHWLQYDVLHYHZLM]HLQIRUPDWLHYHUNUHJHQ
NDQZRUGHQRYHUGHKRHYHHOKHLGDDQZH]LJH]XXUVWRIR[\JHQDWLHHQGHEORHGYRRU]LHQLQJ
YDQKHWZHHIVHO’H WHFKQLHN LV JHEDVHHUG RSGH UHODWLHYH WUDQVSDUDQWLH YDQKHWZHHIVHO
YRRULQIUDURRGOLFKWHQRSGH]XXUVWRIDIKDQNHOLMNHDEVRUSWLHYHUVFKLOOHQYDQKHPRJORELQH
HQP\RJORELQH:DQQHHU UHNHQLQJJHKRXGHQZRUGWPHWGHYHUVWURRLLQJYDQKHW OLFKW LQ
KHWZHHIVHONDQHHQNZDQWLWDWLHYHPDDWYRRUGH]XXUVWRIFRQVXPSWLHHQGHGRRUEORHGLQJ
EHUHNHQGZRUGHQ
=XXUVWRILVYDQHVVHQWLHHOEHODQJYRRUGHHQHUJLHKXLVKRXGLQJYDQKHWOLFKDDP$OVRS
GHZHJYDQGH ORQJHQQDDUKHWZHHIVHOSUREOHPHQRQWVWDDQGDQ ]DO GDWRQKHUURHSHOLMN
JHYROJHQ KHEEHQ YRRU GH HQHUJLHSURGXFWLH 1DDVW VWRRUQLVVHQ LQ GH ORQJIXQFWLH RI GH
FLUFXODWLH NXQQHQ GHIHFWHQ LQ GH ]XXUVWRIKXLVKRXGLQJ RRN SHULIHHU JHOHJHQ ]LMQ ,Q GH
PLWRFKRQGULsQLV]XXUVWRIHVVHQWLHHOYRRUGHODDWVWHVWDSLQGHDGHPKDOLQJVNHWHQHQYRRU
GHR[\GDWLHYHIRVIRU\OHULQJ%LMHHQVWRRUQLV LQGH]HELRFKHPLVFKHSURFHVVHQ]DOGXVGH
HQHUJLHSURGXFWLH YHUPLQGHUG ]LMQ(FKWHU RRNELM HHQGHIHFW LQ KHW WUDMHFW YRRUDIJDDQG
DDQGHDGHPKDOLQJVNHWHQNRPWGHHQHUJLHSURGXFWLHLQJHGUDQJ$DQGRHQLQJHQLQGHVSLHU
ZDDUELM SULPDLU VSUDNH LV YDQ HHQ GHIHFW HUJHQV LQ KHW WUDMHFW YDQ VXEVWUDDW QDDU $73
QRHPWPHQHHQPHWDEROHP\RSDWKLH,VGLWGHIHFWVSHFLILHNLQGHPLWRFKRQGULsQJHOHJHQ
GDQ VSUHHNWPHQ YDQ HHQPLWRFKRQGULsOHP\RSDWKLH’H WHUPP\RSDWKLH JHHIW DDQ GDW
GH]HDDQGRHQLQJHQ]LFKYDDNDOVHHUVWHPDQLIHVWHUHQLQVSLHUZHHIVHO
0LWRFKRQGULsOHP\RSDWKLsQZRUGHQ YHHODO YHURRU]DDNW GRRU HHQ JHQGHIHFW+HW ]LMQ
]RZHO IHQRW\SLVFK DOV JHQRW\SLVFK KHWHURJHQH DDQGRHQLQJHQ GH NOLQLVFKH H[SUHVVLH YDQ
SDWLsQWHQ PHW HHQ]HOIGH JHQGHIHFW LV ]HHU YDULDEHO WHUZLMO SDWLsQWHQ PHW KHW]HOIGH
NOLQLVFKH EHHOG ZHHU YHUVFKLOOHQGH JHQHWLVFKH GHIHFWHQ NXQQHQ KHEEHQ0LWRFKRQGULsOH
]LHNWHQ NXQQHQ]LFK EHSHUNHQ WRW GH VNHOHWVSLHUHQPDDU YDDN ]LMQ RRN DQGHUH RUJDQHQ
PHW HHQ KRJH HQHUJLHEHKRHIWH DDQJHGDDQ ]RDOV GH KHUVHQHQ KHW KDUW GH QLHUHQ RI GH
OHYHU ’H NODFKWHQ ZDDUPHH GH]H SDWLsQWHQ ELM GH QHXURORRJ NRPHQ ]LMQ
LQVSDQQLQJVLQWROHUDQWLHHQDEQRUPDOHVSLHUYHUPRHLGKHLG%LMOLFKWHWRWPDWLJHLQVSDQQLQJ
ZRUGWYDDNHHQYHUKRRJGHODFWDDWFRQFHQWUDWLHJHYRQGHQ
’RRUGHJURWHYDULDWLHLQNOLQLVFKHV\PSWRPHQOLMNWKHWEHHOGYDDNRSGDWYDQDQGHUH
DDQGRHQLQJHQ=HNRPHQGDDURPQRJDOHHQVYRRULQGHGLIIHUHQWLDDOGLDJQRVHYDQDQGHUH
DDQGRHQLQJHQPDDUZRUGHQ]HOGHQEHYHVWLJG$OVQDKHWQHXURORJLVFKRQGHU]RHNHQKHW
EORHGRQGHU]RHNQRJVWHHGVJHGDFKWZRUGWDDQHHQPLWRFKRQGULsOHP\RSDWKLHGDQZRUGW
HHQ VSLHUELRSW JHQRPHQ 2S GLW VWXNMH VSLHUZHHIVHO ZRUGHQYHUYROJHQV HQ]\PVWXGLHV
KLVWRORJLVFK RQGHU]RHN HQ PROHFXODLU JHQHWLVFKH WHFKQLHNHQ XLWJHYRHUG RP WRW HHQ
EHYHVWLJLQJ YDQ GH GLDJQRVH WH NRPHQ ’HVRQGDQNV OHYHUHQ GH]H WHFKQLHNHQ LQ YHHO
JHYDOOHQQRJVWHHGVJHHQHHQGXLGLJHGLDJQRVHRS
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,QVSDQQLQJVWHVWV EOLMNHQ HYHQHHQV HHQEHODQJULMNHPHWKRGHRPSDWLsQWHQZDDUELM KHW
YHUPRHGHQ EHVWDDW YDQ HHQ PLWRFKRQGULsOH P\RSDWKLH RS WH VSRUHQ ’H NOLQLVFKH
V\PSWRPHQ GLH GH]H SDWLsQWHQ JHPHHQVFKDSSHOLMN KHEEHQ ]LMQ LPPHUV LQVSDQQLQJV
LQWROHUDQWLH DEQRUPDOH VSLHUYHUPRHLGKHLG HQ HHQ YHUKRRJGH ODFWDDWFRQFHQWUDWLH WLMGHQV
LQVSDQQLQJ,QVSDQQLQJVWHVWVNXQQHQHFKWHURRNJHYDDUOLMN]LMQYRRUGH]HJURHSGDDUKHW
QLHW RP HHQ ORNDOH DDQGRHQLQJ JDDW PDDU RP HHQ V\VWHPLVFKH DDQGRHQLQJ ZDDUELM LQ
VRPPLJH JHYDOOHQ RRN KHW KDUW DDQJHGDDQ NDQ ]LMQ ’DDUQDDVW LV KHW YRRU VRPPLJH
SDWLsQWHQRQPRJHOLMNRPHHQ·ZKROHERG\µLQVSDQQLQJVWHVWXLWWHYRHUHQRPGDWGHHUQVW
YDQGHDDQGRHQLQJGDWQLHWWRHODDWRIRPGDWKHW]HHUMRQJHNLQGHUHQEHWUHIW
(UEHVWDDWGXVEHKRHIWHDDQHHQHHQYRXGLJHWHVWPHWHHQODJHFDUGLRYDVFXODLUHEHODVWLQJ
GLHGHQHXURORRJHHQHHUVWHLQGLFDWLHNDQJHYHQRYHUKHWDOGDQQLHWDDQZH]LJ]LMQYDQHHQ
P\RSDWKLH $DQJH]LHQ PHW 1,56 RS HHQ QLHWLQYDVLHYH HQ UHODWLHI JHPDNNHOLMNH ZLM]H
LQIRUPDWLH WHYHUNULMJHQ LVRYHUGHR[\JHQDWLH YDQ VSLHUZHHIVHO LVKHW LGHHRQWVWDDQRP
1,56WRHWHSDVVHQELMP\RSDWKLsQ

ONDERZOEKSDOEL 
+HWGRHOYDQKHWRQGHU]RHNZDVWZHHOHGLJ7HQHHUVWHZDVKHWGHEHGRHOLQJHHQDDQWDO
EHODQJULMNHPHWKRGRORJLVFKHDVSHFWHQYDQ1,56WHRQGHU]RHNHQQRGLJYRRUHHQOHJLWLHP
JHEUXLNYDQ1,56ELMKHWRQGHU]RHNHQYDQGHHQHUJLHKXLVKRXGLQJYDQGHVSLHULQ]RZHO
GH QRUPDOH I\VLRORJLVFKH VLWXDWLH DOV RRN GH SDWKRORJLVFKH VLWXDWLH ’LW GRHO OLJW WHQ
JURQGVODJ DDQ GH H[SHULPHQWHQ GLH EHVFKUHYHQ ]LMQ LQ +RRIGVWXN  $OOHUHHUVW LV
JHWUDFKW GH NZDQWLWDWLHYH 1,56 PHWLQJHQ WH YDOLGHUHQ GRRU GH PHW 1,56 YHUNUHJHQ
]XXUVWRIFRQVXPSWLH HQ GRRUEORHGLQJ WH YHUJHOLMNHQ PHW GLH YHUNUHJHQ PLGGHOV GH
DOJHPHHQ JHDFFHSWHHUGH )LFNPHWKRGH ZDDUELM EORHGJDVDQDO\VH ZHHIVHOR[\PHWULH HQ
SOHWK\VPRJUDILHJHFRPELQHHUGZRUGHQ+RRIGVWXN8LWGLWRQGHU]RHNEOHHNHFKWHUGDW
GLUHFWH YHUJHOLMNLQJ YDQ EHLGH PHWKRGHQ QLHW PRJHOLMN LV RPGDW GH )LFNPHWKRGH HHQ
UHJLRQDOHZDDUGHYRRUDUPRIEHHQPHHWWHUZLMO1,56GDWKHHOORNDDOHQGLUHFWLQGHVSLHU
GRHW /RNDOH YHUDQGHULQJHQ LQ ]XXUVWRIFRQVXPSWLH RI GRRUEORHGLQJ ELMYRRUEHHOG WHQ
JHYROJH YDQ YHUVFKLOOHQ LQ VSLHUDFWLYLWHLW NXQQHQ GDDURP DOOHHQ JHPHWHQ ZRUGHQ PHW
1,56WHUZLMOGH]HQLHWWHRQGHUVFKHLGHQ]LMQPHWGH)LFNPHWKRGH
’DDURSYROJHQG LV GH UHSURGXFHHUEDDUKHLG RQGHU]RFKW YDQ GH PHW 1,56 JHPHWHQ
]XXUVWRIFRQVXPSWLHJHPHWHQLQUXVWHQWLMGHQVLQVSDQQLQJ*HPHWHQRYHUHHQWLMGVEHVWHN
YDQ HQNHOH GDJHQ EOHHN GH ]XXUVWRIFRQVXPSWLH JHPHWHQ PHW 1,56 UHSURGXFHHUEDDU
]RZHO LQ GH UXVWVLWXDWLH DOV WLMGHQV LQVSDQQLQJ RS YHUVFKLOOHQGH EHODVWLQJVQLYHDXV
+RRIGVWXN 2RNEOHHN GH JHPHWHQ ]XXUVWRIFRQVXPSWLH HQ GRRUEORHGLQJPHW1,56
JHPHWHQELQQHQppQHQNHOHWHVWVHVVLHEHWURXZEDDUWHUHSURGXFHUHQ+RRIGVWXNHQ
(HQDQGHUEHODQJULMNPHWKRGRORJLVFKDVSHFWGDWLVRQGHU]RFKWEHWUHIWGHRSWLVFKHDDUG
YDQ GH 1,56 WHFKQLHN ’H ZHJ GLH KHW OLFKW LQ KHW ZHHIVHO DIOHJW DOYRUHQV ZHHU
RSJHYDQJHQ WH ZRUGHQ GRRU GH GHWHFWRU LV FRPSOH[ YDQZHJH GH SDVVDJH GRRU
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YHUVFKLOOHQGH ZHHIVHOV YDQ KHW LQKRPRJHQH PHGLXP ,QGLYLGXHOH YHUVFKLOOHQ LQ GH
RSWLVFKHHLJHQVFKDSSHQYDQGH]HZHHIVHOV]XOOHQGDDURPKRRJVWZDDUVFKLMQOLMNYDQLQYORHG
]LMQRSGH1,56PHWLQJHQ2PGDWGHJURRWVWHLQGLYLGXHOHYHUVFKLOOHQWHYHUZDFKWHQ]LMQ
LQ GH KXLGSORRLGLNWH LV GH LQYORHG YDQ GH KXLGSORRLGLNWH RS GH LQ YLYR1,56PHWLQJHQ
RQGHU]RFKW LQ HHQ JURWH JURHS JH]RQGH SURHISHUVRQHQ8LW GLW RQGHU]RHNEOHHN GDW GH
KXLGSORRLGLNWH LQGHUGDDG HHQ YHUVWRUHQGH IDFWRU LV YRRU LQ YLYR 1,56 PHWLQJHQ ’H]H
EHYLQGLQJHQRQGHUVWUHSHQGHQRRG]DDNRPGHKXLGSORRLGLNWHDOV H[WUDYDULDEHOHPHH WH
QHPHQLQWRHNRPVWLJH1,56VWXGLHV
,Q HHQ DQGHU H[SHULPHQW LVKHW VSLHUPHWDEROLVPHRQGHU]RFKWGRRU JHEUXLN WHPDNHQ
YDQ GH FRPSOHPHQWDLUH PHWKRGHQ 1,56 HQ IRVIRU PDJQHWLF UHVRQDQFH VSHFWURVFRS\
3056 GLH PRPHQWHHO ZRUGW EHVFKRXZG DOV GH JRXGHQ VWDQGDDUG YRRU GH QLHW
LQYDVLHYH PHWLQJ YDQ KHW VSLHUPHWDEROLVPH +RRIGVWXN  0HW3056 NDQ RQGHU
DQGHUH RS LQGLUHFWH ZLM]H LQIRUPDWLH YHUNUHJHQ ZRUGHQ RYHU GH R[\GDWLHYH HQHUJLH
OHYHULQJPLWVYRRUDIJHJDDQGRRUHHQSHULRGHYDQLVFKHPLVFKHLQVSDQQLQJ0HW1,56NDQ
GH ]XXUVWRIFRQVXPSWLH GLUHFW LQ GH VSLHU JHPHWHQZRUGHQ ]RZHO LQ UXVW DOVRRN WLMGHQV
DsUREH HQ LVFKHPLVFKH LQVSDQQLQJ ’H FRPELQDWLH YDQ 3056 HQ 1,56 PDDNW KHW
PRJHOLMNYHUDQGHULQJHQLQKRRJHQHUJHWLVFKHIRVIDWHQHQR[\GDWLHYHSURFHVVHQJHOLMNWLMGLJ
WHEHVWXGHUHQZDDUELMEHLGHQJOREDDOLQKHW]HOIGHVSLHUYROXPHPHWHQ’LWKRRIGVWXNODDW
]LHQ GDW GH]H FRPELQDWLH HHQ PHHUZDDUGH RSOHYHUW GLH LQ GLW JHYDO DDQWRRQW GDW GH
GHSOHWLH YDQ ]XXUVWRI WLMGHQV DUWHULsOH RFFOXVLH HQ LVFKHPLVFKH LQVSDQQLQJ VXEVWDQWLHHO
ODQJHURS]LFKNDQODWHQZDFKWHQGDQDOJHPHHQZRUGWDDQJHQRPHQ
7HQVORWWH ]LMQ DOOH UXVWZDDUGHQ JHPHWHQ LQ JH]RQGH SURHISHUVRQHQ WLMGHQV GH
YHUVFKLOOHQGH H[SHULPHQWHQ ELM HONDDU JHQRPHQ RP ]RGRHQGH HHQ EHHOG WH NULMJHQ YDQ
QRUPDDOZDDUGHQ HQ ELRORJLVFKH YDULDELOLWHLW YDQ GH YHUVFKLOOHQGH NZDQWLWDWLHYH LQ YLYR
1,56YDULDEHOHQ+RRIGVWXN
0HW GH KLHUERYHQ EHVFKUHYHQ H[SHULPHQWHQ ]LMQ HHQ DDQWDO EHODQJULMNH
PHWKRGRORJLVFKHYUDDJVWXNNHQYRRUGHWRHSDVVLQJYDQLQYLYR1,56PHWLQJHQEHKDQGHOG
1,56 KHHIW ODWHQ ]LHQ RS UHSURGXFHHUEDUH ZLM]H R[\JHQDWLH HQ EORHGYRRU]LHQLQJ LQ
VSLHUZHHIVHO WH NXQQHQPHWHQ 1,56 NDQ RS ORNDDO QLYHDX YHUVFKLOOHQ LQ VSLHUDFWLYLWHLW
DDQWRQHQ 1,56 LV QLHW DOOHHQ WRHSDVEDDU LQ UXVW PDDU RRN WLMGHQV LQVSDQQLQJ RS
YHUVFKLOOHQGH EHODVWLQJVQLYHDXV HQ 1,56 KHHIW LQ GH FRPELQDWLH PHW 3056 JURWH
WRHJHYRHJGHZDDUGHELMGHLQYLYREHVWXGHULQJYDQKHWVSLHUPHWDEROLVPH’LWDOOHV]RODQJ
GHYHUVWRUHQGHIDFWRUGHKXLGSORRLGLNWHLQDFKWZRUGWJHQRPHQ
+HW WZHHGH GRHO YDQ KHW RQGHU]RHN ZDV KHW RQGHU]RHNHQ YDQ GH NOLQLVFKH
WRHSDVEDDUKHLGYDQ1,56ELMQHXURPXVFXODLUHDDQGRHQLQJHQPHWDOVXLWHLQGHOLMNGRHOGH
RQWZLNNHOLQJYDQHHQQLHWLQYDVLHYHVFUHHQLQJVWHVWYRRUSDWLsQWHQZDDUELMKHWYHUPRHGHQ
EHVWDDWYDQHHQPHWDEROHRIPLWRFKRQGULsOH VSLHUDDQGRHQLQJ$OV HHUVWH LVJHWHVWRIKHW
PRJHOLMNLVRPPHW1,56HHQRQGHUVFKHLGWHPDNHQWXVVHQSDWLsQWHQPHWHHQDDQJHWRRQG
PLWRFKRQGULsHO GHIHFW FKURQLF SURJUHVVLYH H[WHUQDO RSKWKDOPRSOHJLD &3(2 HQ
JH]RQGHSURHISHUVRQHQ+RRIGVWXN’H]XXUVWRIFRQVXPSWLH LQGHSDWLsQWJURHSEOHHN
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ODJHUGDQGLHLQGHFRQWUROHJURHSWHUZLMOGHGRRUEORHGLQJMXLVWKRJHUZDV’H]HEHYLQGLQJ
LVLQRYHUHHQVWHPPLQJPHWGHGLVEDODQVWXVVHQDDQERGHQFRQVXPSWLHYDQ]XXUVWRI]RDOV
GLH ELM VRPPLJH VSLHUDDQGRHQLQJHQ JHYRQGHQ LV >+DOOHU @ ’H IXQFWLH YDQ HHQ
VFUHHQLQJVWHVWLVHFKWHURPLQGLYLGXHOHSDWLsQWHQWHRQGHUVFKHLGHQYDQJH]RQGHQ+RHZHO
EHLGH JURHSHQ ZHO YDQ HONDDU WH RQGHUVFKHLGHQ ZDUHQ YLHOHQ VOHFKWV GULH YDQ GH YLMI
SDWLsQWHQ EXLWHQ KHW  EHWURXZEDDUKHLGVLQWHUYDO YDQ GH FRQWUROHJURHS %RYHQGLHQ
EOHHN ODWHU WRHQ GH GDWD YDQ GLW RQGHU]RHN JHFRPELQHHUG NRQGHQ ZRUGHQ PHW GH
UHVXOWDWHQXLWGH+RRIGVWXNGDWHHQJURRWJHGHHOWHYDQKHWYHUVFKLOWXVVHQSDWLsQWHQHQ
FRQWUROHVWRHWHVFKULMYHQZDVDDQGHYHUVWRUHQGHIDFWRUYDQGHKXLGSORRLGLNWH$OKRHZHO
ELMGHPHHVWHSDWLsQWHQGH]XXUVWRIFRQVXPSWLHQRJVWHHGVDDQGHODJHNDQWZDVODJHQDOOH
ZDDUGHQ QX ELQQHQ KHW  EHWURXZEDDUKHLGVLQWHUYDO YDQ GH FRQWUROHJURHS
3RVWVFULSWXP+RRIGVWXN
+HWYROJHQYDQKHWYHUORRSYDQGH]LHNWHLQGHWLMGRIYDQKHWHIIHFWYDQPHGLFDWLHRI
WKHUDSLH LV HHQ DQGHUHPRJHOLMNKHLG YRRU KHW LQ]HWWHQ YDQLQ YLYR1,56PHWLQJHQ+HW
YRRUGHHO YDQ HHQ GXVGDQLJ ORQJLWXGLQDDO RQGHU]RHN LV GDW GH SDWLsQW ]LMQKDDU HLJHQ
FRQWUROHLVHQGDDUPHH]DNHQDOVLQWHUVXEMHFWYDULDELOLWHLWHQYHUVWRUHQGHIDFWRUHQ]RDOV
KXLGSORRLGLNWH YHUPHGHQ NXQQHQ ZRUGHQ ,Q +RRIGVWXN  LV 1,56 JHEUXLNW RP KHW
HIIHFW YDQ PHGLFDWLH WH EHVWXGHUHQ LQ GHUPDWRP\RVLWLV HHQ VSLHUDDQGRHQLQJ GLH
JHNDUDNWHULVHHUG ZRUGW GRRU RQWVWHNLQJVUHDFWLHV RS KHW QLYHDX YDQ GH FDSLOODLUHQ HQ
ZDDUELMGHSULPDLUHEHSHUNLQJOLJWELMGHDDQYRHUYDQ]XXUVWRIHQQLHWELMGHFRQVXPSWLH
1D GULH HQ QD ]HYHQ ZHNHQ PHGLFDWLH OLHW 1,56 HHQ YHUEHWHULQJ ]LHQ LQ ]XXUVWRI
FRQVXPSWLHHQGRRUEORHGLQJRYHUHHQNRPVWLJGHNOLQLVFKHEHYLQGLQJHQ
9RRUZDWEHWUHIWGHWRHSDVVLQJYDQ1,56ELMQHXURPXVFXODLUHDDQGRHQLQJHQKHHIWGLW
RQGHU]RHN ODWHQ]LHQGDW&3(2SDWLsQWHQDOV JURHS WHRQGHUVFKHLGHQ]LMQYDQJH]RQGH
SHUVRQHQPDDUGDWKHWRQGHUVFKHLGHQGYHUPRJHQRSLQGLYLGXHHOQLYHDXRQYROGRHQGHLV
+RHZHOGHKLHUEHVFKUHYHQSDWLsQWHQHHQEHZH]HQPLWRFKRQGULsHOGHIHFWKDGGHQ LVKHW
QLHW EHNHQG RI GLW GHIHFW UHFKWVWUHHNV YDQ LQYORHG LV RS GH PLWRFKRQGULsOH
]XXUVWRIFRQVXPSWLH RI HQHUJLHSURGXFWLH 2QGHU]RHN ELM DQGHUH PHWDEROH RI
PLWRFKRQGULsOH VSLHUDDQGRHQLQJHQ ZDDUELM GH PLWRFKRQGULsOH ]XXUVWRIFRQVXPSWLH RI
HQHUJLHSURGXFWLHPHHUGLUHFWDDQJHGDDQLV]RDOVELM0(/$6RIKHW/HLJKV\QGURRP]RX
HHQGXLGHOLMNHUEHHOGNXQQHQJHYHQYDQGHPRJHOLMNKHGHQYDQ1,56

TOEKOMST PERSPECTIEVEN 
Bio-energetische karakteristieken 
,Q GLW SURHIVFKULIW LV JHEUXLN JHPDDNW YDQ 1,56 YRRU KHW PHWHQ YDQ GH
]XXUVWRIFRQVXPSWLHHQGRRUEORHGLQJELMYHUVFKLOOHQGHP\RSDWKLsQ+RHZHOGHJHEUXLNWH
SURWRFROOHQ YRRUQDPHOLMN EHVWRQGHQ XLW LQVSDQQLQJPHW HHQ ODJH LQWHQVLWHLW NDQ1,56
RRNZRUGHQWRHJHSDVWELMKRJHUHEHODVWLQJVQLYHDXV]RDOVEHVFKUHYHQLQ+RRIGVWXNHQ
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 ’RRU JHEUXLN WH PDNHQ YDQ KRJHUH EHODVWLQJVQLYHDXV ]RXGHQ YHUVFKLOOHQ WXVVHQ
SDWLsQWHQHQFRQWUROHVLQ]XXUVWRIFRQVXPSWLHGRRUEORHGLQJRIKHUVWHOWLMGEHWHUWRWXLWLQJ
NXQQHQ NRPHQ 9HUGHU LV LQ GLW SURHIVFKULIW GH QDGUXN JHOHJG RS KHW PHWHQ YDQ GH
]XXUVWRIFRQVXPSWLH PDDU ]RX HHQ PHHU FRPSOHHW EHHOG YDQ R[\JHQDWLH HQ
EORHGYRRU]LHQLQJELMPHWDEROHRIPLWRFKRQGULsOHP\RSDWKLsQYHUNUHJHQNXQQHQZRUGHQ
GRRU GH YHUVFKLOOHQGH PHW 1,56 WH PHWHQ YDULDEHOHQ WH FRPELQHUHQ ’DDUQDDVW ]LMQ
VOHFKWV HQNHOH P\RSDWKLsQ RQGHU]RFKW 9HOH DQGHUH YRUPHQ ]RXGHQ JHPHWHQ NXQQHQ
ZRUGHQ ELMYRRUEHHOG GH P\RSDWKLsQ GLH GLUHFW LQYORHG KHEEHQ RS GH PLWRFKRQGULsOH
]XXUVWRIFRQVXPSWLHHQ$73SURGXFWLHGRRUHHQGHIHFWLQGHDGHPKDOLQJVNHWHQ7HQHLQGH
HHQGXLGHOLMNRRUGHHOWHNXQQHQYHOOHQPHWEHWUHNNLQJWRWGHWRHSDVEDDUKHLGYDQ1,56ELM
GH RQWZLNNHOLQJ YDQ HHQ QLHWLQYDVLHYH VFUHHQLQJVWHVW LV PHHU RQGHU]RHN QRGLJ PHW
XLWEUHLGLQJ QDDU YHUVFKLOOHQGH SDWLsQWJURHSHQ YHUVFKLOOHQGH SURWRFROOHQ HQ PHHUGHUH
1,56YDULDEHOHQ
(HQDQGHUHRSWLHYRRUGHWRHSDVVLQJYDQ1,56ELMP\RSDWKLsQNDQJH]RFKWZRUGHQLQ
GH FRPELQDWLH PHW DQGHUH QLHWLQYDVLHYH WHFKQLHNHQ ]RDOV 3056 HFKR GRSSOHU HQ
(0* ’H FRPELQDWLH YDQ GH]H WHFKQLHNHQ VLPXOWDDQ WRHJHSDVW NDQ KHW I\VLRORJLVFK
SODDWMH YDQ KHW VSLHUPHWDEROLVPH RS ORNDDO QLYHDX DDQ]LHQOLMN XLWEUHLGHQ HQ HHQ QLHW
LQYDVLHYH EOLN RS GH VSLHUI\VLRORJLH LQ JH]RQGKHLG HQ ELM ]LHNWH PRJHOLMN PDNHQ ’H]H
H[WUD LQIRUPDWLH ]RX LQ]LFKW NXQQHQ YHUVFKDIIHQ LQ GH I\VLRORJLVFKH EHSHUNLQJ ELM
PHWDEROHHQRIPLWRFKRQGULsOHP\RSDWKLsQHQ]RGRHQGHGHNHQQLVEHWUHIIHQGHGHELR
HQHUJHWLVFKHNDUDNWHULVWLHNHQYDQGHYHUVFKLOOHQGHGHIHFWHQXLWEUHLGHQ

Therapie-effect 
’LWSURHIVFKULIWKHHIWODWHQ]LHQGDW1,56YHHOEHORYHQGLVYRRUKHWYROJHQYDQKHWHIIHFW
YDQPHGLFDWLHWKHUDSLH+HWJHEUXLNYDQHHQORQJLWXGLQDDORQGHU]RHNZDDUELMHQNHOHYDQ
GHDOJHPHQH1,56SUREOHPHQRP]HLOGZRUGHQ]RDOVGHLQWHUVXEMHFWYDULDELOLWHLWHQKHW
YHUVWRUHQGHHIIHFWYDQGHKXLGSORRLGLNWHOLMNWXLWHUPDWHJHVFKLNWYRRUKHWYROJHQYDQKHW
YHUORRSYDQGH]LHNWHLQGHWLMG,QWHJHQVWHOOLQJWRWGHJRHGHWKHUDSLHPRJHOLMNKHGHQELM
GHUPDWRP\RVLWLV LV GLW KHODDV QRJ QLHW KHW JHYDO ELM GH PHHVWH PLWRFKRQGULsOH
DDQGRHQLQJHQ$IJH]LHQYDQYLWDPLQHVXSSOHPHQWHQHQVXEVWUDWHQDOVFUHDWLQHHQFDUQLWLQH
LV HU YRRU GH PLWRFKRQGULsOH P\RSDWKLsQ QRJ JHHQ DOJHPHQH WKHUDSLH EHVFKLNEDDU
5HFHQWH VWXGLHVKHEEHQ HFKWHU ODWHQ ]LHQGDWGH]H JURHSSDWLsQWHQEDDW NDQKHEEHQELM
DsUREH WUDLQLQJ >7DLYDVVDOR HW DO  7DLYDVVDOR HW DO  7DLYDVVDOR HW DO @
$OKRHZHODsURREWUDLQHQQLHWKHWPLWRFKRQGULsOHGHIHFW]HOIYHUPLQGHUGNDQ]RZHOKHW
SURFHV YDQ FKURQLVFKH GHFRQGLWLRQHULQJ GRRUEURNHQZRUGHQ’HPHFKDQLVPHQGLH DDQ
GLWJXQVWLJHHIIHFWYDQDsUREH WUDLQLQJ WHQJURQGVODJ OLJJHQ]XOOHQ LQGH WRHNRPVWQDGHU
RQGHU]RFKWPRHWHQZRUGHQ

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Meerkanaals NIRS 
$OKRHZHO GH ORNDOH 1,56 PHWLQJHQ KHW JURWH YRRUGHHO KHEEHQ GDW GLUHFW LQ GH VSLHU
JHPHWHQ NDQ ZRUGHQ LV KHW YROXPH ZDDULQ GDDGZHUNHOLMN JHPHWHQ ZRUGW EHSHUNW
RQJHYHHUFPHQLV LQIRUPDWLHRYHUGHKHWHURJHQLWHLWYDQKHWZHHIVHOPHWHHQHQNHO
NDQDDOV VSHFWURIRWRPHWHU QLHWPHHWEDDU2I GH JHPHWHQZDDUGH UHSUHVHQWLHI LV YRRUGH
JHKHOHVSLHUEOLMIWGDQRRNGHYUDDJ9RRUDOELMJURWHVSLHUHQ]RDOVGHTXDGULFHSVHQGH
JDVWURFQHPLXV ]RX GLW ZHO HHQV HHQ YHUWHNHQG EHHOG NXQQHQ JHYHQ GDDU LQ JH]RQGH
SHUVRQHQ HHQ KHWHURJHQH SHUIXVLH ELQQHQ UHJLR
V YDQ HHQ]HOIGH VSLHU HQ WXVVHQ VSLHUHQ
PRJHOLMNLV2RNLVEHVFKUHYHQGDWGHWRHQDPHLQGRRUEORHGLQJ]RDOVGLHRSWUHHGWWLMGHQV
LQVSDQQLQJWRHJHVFKUHYHQNDQZRUGHQDDQQLHXZJHUHNUXWHHUGVSLHUZHHIVHOLQSODDWVYDQ
HHQ WRHQDPH LQ GH SHUIXVLH YDQ KHW DO DFWLHYH VSLHUZHHIVHO >5D\ HW DO @ ’H]H
EHYLQGLQJHQ]LMQYHUHQLJEDDUPHWGHPHWLQJHQEHVFKUHYHQLQ+RRIGVWXNZDDUELMWZHH
RQDIKDQNHOLMN RSHUHUHQGH 1,56 DSSDUDWHQ ]LMQ JHEUXLNW HQ ZDDUXLW EOHHN GDW
GRRUEORHGLQJHQFRQVXPSWLHYHUVFKLOOHQGZDUHQWXVVHQYHUVFKLOOHQGHVSLHUHQDIKDQNHOLMN
YDQKHWDFWLYLWHLWVQLYHDXYDQGHVSLHU
0HHUNDQDDOV1,56PHWLQJHQEHKRUHQLQPLGGHOVRRNWRWGHPRJHOLMNKHGHQHQKHEEHQ
DOVJURRWYRRUGHHOGDWHHQJURWHUGHHOYDQGHVSLHULQGHPHWLQJEHWURNNHQZRUGWRIGDW
YHUVFKLOOHQGH VSLHUHQ WHJHOLMN JHPHWHQ ZRUGHQ ’H VSHFWURIRWRPHWHU ]RDOV GLH LQ KHW
RQGHU]RHN YRRU GLW SURHIVFKULIW JHEUXLNW LV LV RS GLW PRPHQW EHVFKLNEDDU PHW HHQ
XLWEUHLGLQJQDDUNDQDOHQ0HWGLWV\VWHHPNDQGHR[\JHQDWLHHQEORHGYRRU]LHQLQJRS
SODDWVHQ ELQQHQ HHQ JULG YDQ  [  FP VLPXOWDDQ JHPHWHQZRUGHQ >4XDUHVLPD HW DO
@
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Pathofysiologie van myopathiën 
1DDVW KHW IHLW GDW PHW HHQ GHUJHOLMN PHHUNDQDDOV 1,56 V\VWHHP PHHU LQ]LFKW LQ GH
UHJLRQDOHGRRUEORHGLQJ HQGH UHJXODWLHGDDUYDQYHUZRUYHQNDQZRUGHQNXQQHQ VSDWLsOH
HQWHPSRUHOHHLJHQVFKDSSHQYDQGHKHWHURJHQLWHLW LQSHUIXVLHHQPHWDEROLVPH OHLGHQ WRW
HHQ EHWHU EHJULS YDQ GH SDWKRI\VLRORJLH YDQ P\RSDWKLsQ HQ ]RX GDDUPHH HYHQHHQV
NXQQHQ OHLGHQ WRW DQGHUH VWUDWHJLHsQ PHW EHWUHNNLQJ WRW WKHUDSLH 5HFHQWHOLMN LV 1,56
JHEUXLNWRPDDQWHWRQHQGDWKHWEHVFKHUPHQGHPHFKDQLVPHYDQ12VWLNVWRIPRQR[LGH
ELM GH UHJXODWLH YDQ GH GRRUEORHGLQJ LQ GH DFWLHYH VSLHU GRRU PRGXODWLH YDQ GH
YDVRFRQVWULFWRUUHVSRQVQLHWZHUNWELMNLQGHUHQPHW’XFKHQQHVSLHUG\VWURILH>6DQGHUHW
DO @ +HW RQWEUHNHQ YDQ GLW UHJHOPHFKDQLVPH UHVXOWHHUW LQ HHQ WRHQDPH YDQ GH
V\PSDWKLVFKHYDVRFRQVWULFWLHZDDUPHHGHSHUIXVLHYDQGHVSLHU LQKHWJHGUDQJNRPWHQ
LVFKHPLH RQWVWDDW ’H]H VWXGLH WRRQW GDDUPHH DDQ GDW LQVSDQQLQJ ELM VRPPLJH
P\RSDWKLsQSURJUHVVLHYHVSLHUILEURVH]RXNXQQHQYHUVQHOOHQHQGDWGDDURPWUDLQLQJELM
GH]H]LHNWHQDEVROXXWEHSHUNWPRHWHQEOLMYHQWRW]HHUPLOGHLQVSDQQLQJ
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
7MDXLWHLQGHOLMNLVKHWGDQ]RYHUGHZHUN]DDPKHGHQDDQGLWSURHIVFKULIW]LMQDIJHVORWHQHQ
KLHU OLJWKHWGDQJHEXQGHOGHQDO+HHOZDWXXUWMHVZHUN]LWHULQHQPHWQDPHGHODDWVWH
IDVH YHUJW KHW QRGLJH DDQ GRRU]HWWLQJVYHUPRJHQ 0DDU HHQ SURHIVFKULIW VFKULMI MH
QDWXXUOLMNQRRLWDOOHHQHQLNZLOGDQRRNYDQGH]HJHOHJHQKHLGJHEUXLNPDNHQRPHHQLHGHU
GLH KLHUDDQ HHQ ELMGUDJH KHHIW JHOHYHUG WH EHGDQNHQ$OOHUHHUVW ZLO LN JUDDJ GHPHQVHQ
SDWLsQWHQ HQ FRQWUROHV EHGDQNHQ GLH EHUHLG ZDUHQ RP JHKHHO EHODQJHORRV GH YHOH
H[SHULPHQWHQWHRQGHUJDDQGLHQRGLJZDUHQYRRUGLWRQGHU]RHN+HWPRJHGXLGHOLMN]LMQ
GDW ]RQGHU KXQ ELMGUDJH GLW SURHIVFKULIW QLHW WRW VWDQG JHNRPHQ ZDV ’DQN LV RRN
YHUVFKXOGLJGDDQKHWJRHGJHROLHGHSURPRWLHWHDP
%D]LHO ’U %*0 YDQ(QJHOHQ MH HQWKRXVLDVPH YRRU YHOHUOHL GLQJHQ LV HQRUP HQ
]HHUEHZRQGHUHQVZDDUGLJ2RN LQKHWSURMHFWGDWQXJHEXQGHOGYRRU MH OLJW]LWYHHOYDQ
MRXZ HQWKRXVLDVPH HQ KHW LVPHHU GDQ HHQV JHZHHVW GDW LNPHW DIKDQJHQGH VFKRXGHUV
RQ]HZHUNEHVSUHNLQJHQELQQHQWUDGPDDUHUZHHUYROHQWKRXVLDVPHYDQGDDQVSURQJ+HW
ZDVDOWLMGOHXNRPPHWMRXLQJHVSUHNWH]LMQRPGDWMHYDQWHYRUHQQRRLWZLVWZDDUZHXLW
]RXGHQ NRPHQ +HW LV JRHG WH ZHWHQ GDW GH]H SUHWWLJH VDPHQZHUNLQJ LQ GH QDELMH
WRHNRPVWNDQEOLMYHQEHVWDDQ
:LOO\’U:1-0&ROLHUMLMEHQWGHJHQHGLHPHKHOHPDDOWKXLVKHHIWJHPDDNWLQGH
1,56HQMHZLVWPHDOQDHHQKDOIMDDULQ,WDOLsWHNULMJHQPHWGHHHUVWHUHVXOWDWHQ,QGH
SLHNHQ HQ GDOHQ YDQ KHW YHUGHUH WUDMHFW YHUORUHQZH EHXUWHOLQJVZHO HHQV KHW JHORRI LQ
1,56PDDUQX]LMQZHEHLGHGHGDOHQZHOYRRUELM’HVRQGDQNV]DOLNQDDOGH]HMDUHQHQ
PHWQRJYHOHQLHWXLWJHYRHUGH LGHHsQGDQ WRFKKHW1,56NDPSYHUODWHQ -HZHHWGDW LN
QRJEHVWHHQSDDUMDDUWMHV1,56RQGHU]RHNKDGNXQQHQYROPDNHQPDDURQGDQNVGDWKHW
PHW1,56 LQKHW LQWHUQDWLRQDDOZHWHQVFKDSSHOLMNFLUFXLWJRHGJDDWKHEEHQ]HGDDUZDDU
GHSRWMHVPHWJHOGJHKDQWHHUGZRUGHQGDW LQ]LFKWQRJQLHWEHUHLNW:LOO\EHGDQNWYRRU
KHWYHUWURXZHQGDWMHLQPHKDG
5RQ3URI’U5$:HYHUVDOVELRFKHPLFXV]LMQGHZDVGH1,56WHFKQLHN]RDIHQ
WRH WRFKZHO HHQYHUYDQMHEHGVKRZGHQN LN1LHWWHPLQZDV MHREMHFWLHYHNLMNRSKHW
JHKHHODOWLMG]HHUYHUKHOGHUHQG0HWQDPHWHJHQKHWHLQGYDQKHWWUDMHFWZHUGMH LQEUHQJ
VWHHGVJURWHUWRHQGDDURRNZDWPHHUELRFKHPLHRPGHKRHNNZDPNLMNHQ5RQLNKHEMH
LQEUHQJ]HHUJHZDDUGHHUGHQVOXLWPLMDDQELMGHPHQLQJYDQ6\WVNHGDW MHHHQDEVROXWH
NDPSLRHQEHQWLQKHWVQHOQDNLMNHQYDQDOOHVFKULMIVWXNNHQ7LMGHQVGHZHGVWULMGHQGLHLN
]RQGHUMXOOLHPHGHZHWHQLQGHVORWIDVHYDQKHWSURMHFWVWUHHGHQZDDUELMKHWHURPJLQJ
]RYHHOPRJHOLMNZHUNYDQPLMQNDPSQDDU MXOOLHNDPS WHYHUSODDWVHQZDV MLMKHWGLHPH
QRJDOHHQVGHYROOH]HJHRQWQDPHQGHEDO WRFKZHHUQHWYyyURI]HOIVLQKHWZHHNHQG
WHUXJNDDWVWH

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%HVWH%HUHQG3URI’U%HUHQG2HVHEXUJLNYLQGKHWMDPPHUGDWMHGHDIURQGLQJYDQ
PLMQSURHIVFKULIWQLHWPHHUPHHNXQWPDNHQ+HODDVKHEMHJHNR]HQYRRUHHQDQGHUHZHJ
,NZLO MHGHVDOQLHWWHPLQEHGDQNHQYRRUKHWYHUWURXZHQGDW MHDOGLH WLMG LQPLMHQ LQKHW
1,56RQGHU]RHNKDG
0DFKWHOG%RUJKXLVHQ.DULQ2UERQ LNZLO MXOOLHKDUWHOLMNEHGDQNHQYRRUGHJH]HOOLJH
VDPHQZHUNLQJ MXOOLH HQWKRXVLDVWH LQ]HW WLMGHQV GH VWDJH HQ MXOOLH ELMGUDJH DDQ KHW
RQGHU]RHN
, ZRXOG DOVR OLNH WR VD\ DZRUG RI WKDQNV WR RXU*HUPDQ UHVHDUFK SDUWQHUV -RFKHQ
=DQJH.ODXV0OOHU0DUHLNH)HQQHU0DWWKLDV9RUJHUGDQG/XGJHU6FK|OV,WZDVYHU\
QLFHZRUNLQJZLWK\RX0DQ\WKDQNVIRUWKHZDUPKRVSLWDOLW\GXULQJP\VWD\LQ&RORJQH
DQGIRUWDNLQJPHRQHDWLQJGULQNLQJUXQQLQJFOLPELQJVZLPPLQJDQGFDQRHLQJWULSV
1D]RYHHOMDUHQRSGHDIGHOLQJI\VLRORJLHURQGJHORSHQWHKHEEHQYRHOWKHWYUHHPGWH
EHGHQNHQGDWLNGDDU]RGDGHOLMNJHHQGHHOPHHUYDQXLWPDDN$OPHWDOLVKHWWRFKELMQD
]HYHQ MDDU JHOHGHQ GDW LN GDDU DDQPLMQ HHUVWH VWDJH EHJRQ ,N KHE KHW DOWLMG HHQ KHOH
SUHWWLJH DIGHOLQJ JHYRQGHQPHW HHQ XLWVWHNHQGH VIHHU ’H NRIILHSDX]HV VRPV VWLO PDDU
PHHVWDO ]HHU OHYHQGLJ ZDUHQ HHQ ZHONRPH DIZLVVHOLQJ RS KHW FRPSXWHUZHUN HQ KHW
MDDUOLMNVHGDJMHXLWZDVDOWLMGJRHGYRRUHHQGDJMHOROPHWFROOHJD
V$DQDOGLHPHQVHQGLH
QXHQLQGHDIJHORSHQMDUHQGH]HDIGHOLQJJHPDDNWKHEEHQWRWZDW]H LV]HJLNGDQRRN
ZHOJHPHHQGEHGDQNW(HQ VSHFLDDOZRRUGYDQGDQN LVQRJYHUVFKXOGLJG DDQKHW1,56
RQGHUVWHXQLQJVWHDP]LMQGH0DUFRYDQGHU6OXLMV0DUN0DVVDHQ-DQ0HQVVHQGLHDOWLMG
ZHHUNODDUVWRQGHQRPDOOHUOHLKDUGZDUHHQVRIWZDUHSUREOHPHQRSWHORVVHQ
0LMQGDQNJDDWRRNXLWQDDUGHDIGHOLQJ1HXURORJLH.1)GLHDQGHUHDIGHOLQJZDDULN
GHDIJHORSHQ MDUHQYHHOYXOGLJ URQGJHORSHQKHE0HWQDPHQDDU’LFN6WHJHPDQGLHPLM
HHQZHUNSOHNERRGHQGLHYRRUDO LQGHEHJLQIDVHRRNLQKRXGHOLMNEHWURNNHQZDVELMKHW
SURMHFW(QDOKRHZHOLNPLMWRFKHHQEHHWMHHHQEXLWHQEHHQWMHYRHOGHRPGDW1,56QLHWVWH
PDNHQKDGPHW(0*HQ((*]RDOVGDWRSGHDIGHOLQJ.1)JHEH]LJGZRUGWKHELNRRN
KLHU PHW KHHO YHHO SOH]LHU JHZHUNW ’H IULVVH QHXV WLMGHQV GH OXQFKSDX]H HQ GH
EXLWHQZHUNVHDFWLYLWHLWHQ]RDOVHWHQGULQNHQ]HLOHQHQNOLPPHQEHYLHOHQXLWHUPDWHJRHG
HQ GLHQHQ YRRUDO YRRUWJH]HW WH ZRUGHQ .RUWRP KHW LV JRHG WRHYHQ ELQQHQ GH )7*
JURHSHQ LNNDQPLMGDQRRNYHUKHXJHQRSKHW IHLWGDW LNKLHUQRJHHQ WLMGMH URQGPDJ
EOLMYHQKDQJHQ.DQLNHLQGHOLMNHHQVPHHSUDWHQRYHU0XOWLFKDQQHO6XUIDFH(0*PHWHQ
PHW+LJK’HQVLW\
$OVODDWVWHZLOLNQRJHHQZRRUGYDQGDQNULFKWHQDDQYULHQGHQHQYULHQGLQQHQZDDULN
PLMLQGHORRSGHUWLMGVWHHGVPLQGHUOLHW]LHQHQKRUHQGUXNGUXNGUXNPDDUGLHHUWRFK
DOWLMGZHHUZDUHQRPZDWVWRRPDI WHNXQQHQEOD]HQDDQPLMQPRHGHUHQPLMQ]XVGLH
RRNKHHOZDWPHWPLMWHVWHOOHQKDGGHQ]RQXHQGDQHQQDWXXUOLMNDDQ(UZLQGLHDOVJHHQ
DQGHUZHHWZDWZHUNHQDDQMHSURHIVFKULIWEHWHNHQWHQGLHPLMWHONHQVRSQLHXZRPKRRJ
ZLVWWHVOHSHQZDQQHHULNZHHULQHHQGDOJHYDOOHQZDV/DWHQZHQXHLQGHOLMNPDDUZHHU
HHQVNDPSHUHQJDDQ

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CURRICULUM VITAE 
0LUHLOOHYDQ%HHNYHOWZHUGJHERUHQRSMXQLDDQGHUDQGYDQKHWERVLQ*HOGURS
1DHHQDDQ]LHQOLMNHKRHYHHOKHLGERYHQHQRQGHUJURQGVHKXWWHQJHERXZGWHKHEEHQHQ
HHQMDDUWMHXLWVWHO LQGHVFKDNHONODVZHUGRSMDULJHOHHIWLMGPHWIULVVHWHJHQ]LQDDQGH
VHULHX]H VFKROLQJEHJRQQHQ1DHHQNRUWEH]RHNDDQGH+$92KDDOGH]LM LQPHW
JRHG JHYROJKDDU0$92GLSORPD DDQGH$OEHUWXV0DJQXV0$92 WH*HOGURS DOVQRJ
JHYROJG GRRU KDDU +$92 GLSORPD EHKDDOG LQ  DDQ KHW 6WUDEUHFKW &ROOHJH WH
*HOGURS$DQVOXLWHQGEHJRQ]LMPHWGHVWXGLH)\VLRWKHUDSLHDDQGH+RJHVFKRRO1LMPHJHQ
HQ VORRWRRNGH]HRSOHLGLQJPHWJRHGJHYROJDI LQ8LWHLQGHOLMNGH VPDDNYDQKHW
VWXGHUHQ WH SDNNHQKHEEHQGEHJRQ ]LM GDDURSPHW GH VWXGLH%HZHJLQJVZHWHQVFKDSSHQ
+DDU ZHWHQVFKDSSHOLMNH VWDJH OLHS ]LM RS GH DIGHOLQJ )\VLRORJLH PHW 3URI ’U %HUHQG
2HVHEXUJDDQKHWKRRIGHQRQGHUEHJHOHLGLQJYDQ’U0DULD+RSPDQ1RJQLHWPRHYDQ
DOOH OHHUPRPHQWHQ GHHG ]H HHQ H[WUD VWDJH LQ.LWFKHQHU:DWHUORR LQ2QWDULR &DQDGD
RQGHUEHJHOHLGLQJYDQ3URI’U5LFKDUG+XJKVRQYDQGH8QLYHUVLW\RI:DWHUORRDOZDDU
]LM GH VPDDN YRRU KHW ZHWHQVFKDSSHOLMN RQGHU]RHN WH SDNNHQ NUHHJ1D DIURQGLQJ YDQ
GH]H VWDJH HQ KHW PD[LPDDO PRJHOLMNH XLW GH VWXGLHILQDQFLHULQJ WH KHEEHQ JHKDDOG
EHKDDOGH]LMKHWGRFWRUDDOGLSORPD%HZHJLQJVZHWHQVFKDSSHQLQ9DQWRW
ZDV ]HZHUN]DDP DOV SURPRYHQGD RS GH DIGHOLQJ1HXURORJLH LQ VDPHQZHUNLQJPHW GH
DIGHOLQJ )\VLRORJLH EHLGH YDQ KHW 8QLYHUVLWDLU 0HGLVFK &HQWUXP 6W 5DGERXG LQ
1LMPHJHQ’HUHVXOWDWHQYDQKHWRQGHU]RHNXLWJHYRHUGLQGH]HSHULRGH]LMQEHVFKUHYHQLQ
GLW SURHIVFKULIW 9DQDI DSULO LV ]LM DOV SRVWGRF ZHUN]DDP ELM GH DIGHOLQJ .OLQLVFKH
1HXURI\VLRORJLHYDQKHW8QLYHUVLWDLU0HGLVFK&HQWUXP6W5DGERXGLQ1LMPHJHQ

 
CURRICULUM VITAE 
0LUHLOOHYDQ%HHNYHOWZDVERUQLQ*HOGURSRQ-XQHWK6KHDWWHQGHGWKH6WUDEUHFKW
&ROOHJHLQ*HOGURSZKHUHVKHREWDLQHGKHU+$92GLSORPDLQ6XEVHTXHQWO\VKH
VWDUWHGKHUVWXG\3K\VLRWKHUDS\DQGJUDGXDWHGLQIROORZHGE\WKHVWXG\%LRPHGLFDO
+HDOWK 6WXGLHV DW WKH 8QLYHUVLW\ RI 1LMPHJHQ 6KH GLG KHU UHVHDUFK SURMHFW DW WKH
’HSDUWPHQWRI3K\VLRORJ\3URI’U%HUHQG2HVHEXUJXQGHUVXSHUYLVLRQRI’U0DULD
+RSPDQ$QDGGLWLRQDOUHVHDUFKSURMHFWZDVGRQHLQ&DQDGDXQGHUVXSHUYLVLRQRI3URI
’U5LFKDUG+XJKVRQDWWKHGHSDUWPHQWRI.LQHVLRORJ\8QLYHUVLW\RI:DWHUORR2QWDULR
&DQDGD)URP WRVKHZDVHPSOR\HGDVD3K’VWXGHQWDW WKH’HSDUWPHQWRI
1HXURORJ\LQFRRSHUDWLRQZLWKWKH’HSDUWPHQWRI3K\VLRORJ\DWWKH8QLYHUVLW\0HGLFDO
&HQWUH1LMPHJHQ7KH UHVXOWVRI WKH UHVHDUFKSHUIRUPHG LQ WKLVSHULRGDUHGHVFULEHG LQ
WKLV WKHVLV 6WDUWLQJ $SULO  VKH LV HPSOR\HG DW WKH ’HSDUWPHQW RI 1HXURORJ\
8QLYHUVLW\ 0HGLFDO &HQWUH 1LMPHJHQ DV D SRVWGRF UHVHDUFKHU RQ D SURMHFW XVLQJ
PXOWLFKDQQHOVXUIDFH(0*RQLRQFKDQQHOSDWKRORJ\

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